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An accurate estimation of post-mortem interval (PMI), or time since death of an alleged 
victim, is of utmost importance in criminal investigations. Several biochemical 
approaches have been attempted but a definitive method for time since death estimations 
has yet to be identified. Recent studies have demonstrated that protein biomarkers are a 
promising alternative to previously investigated biochemical products, but the use of 
older analytical methodologies, together with a reliance on specific tissues, has limited 
the analysis and interpretation of the data. This thesis describes investigations utilising 
more sophisticated proteomic techniques to evaluate the rate of protein degradation in 
decomposition fluid. The primary aim of this research was to characterise the peptide 
profile of decomposition fluid generated under a variety of experimental (laboratory-
based) and field-based environmental conditions (summer versus winter), and to evaluate 
its potential for PMI estimation. 
Domestic pig (Sus scrofa domesticus) cadavers were used to model the human 
decomposition process. The peptide components of decomposition fluid were analysed 
using high performance liquid chromatography-time of flight mass spectrometry, 
followed by high performance liquid chromatography-triple quadrupole mass 
spectrometry. Observations of physical characteristics were also recorded in order to 
determine a total body score for each cadaver.  
Fluid analyses revealed that a range of protein-specific peptides (originating from 
haemoglobin subunit alpha and beta, beta-enolase, creatine kinase and lactate 
dehydrogenase) were consistently generated during the decomposition process, 
regardless of temperature or trial conditions. These peptides, when averaged on each 
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sampling day, were identified more than 50% of the time during the course of each 
decomposition trial. Furthermore, when mapped against reference sequences, degradation 
patterns for haemoglobin subunits alpha and beta were similar when expressed in 
accumulated degree days (ADD) and when adjusted for differences in temperature, 
regardless of trial conditions.  
Principal component analysis identified 29 peptides, originating from haemoglobin 
subunits alpha and beta, creatine kinase, beta-enolase and lactate dehydrogenase, that 
contributed to differences in the peptide profile of samples collected during the early 
period (days 6–12 and day 2 in winter and summer, respectively) and later period (days 
24–34 and days 8–10 in winter and summer, respectively) of the decomposition process. 
Fold changes in the spectral profile for eight of these peptides were found to be 
significantly different between these periods. Trends displayed by six of the eight 
peptides, three of which were derived from haemoglobin subunit beta, one from beta-
enolase and two from lactate dehydrogenase, indicated that a factor other than 
temperature impacted the rate of protein degradation. In contrast, the trends exhibited by 
the remaining two peptides derived from haemoglobin subunit alpha and creatine kinase, 
suggested that temperature was the major external factor involved in their production. 
Further analyses identified several peptides (one originating from haemoglobin subunit 
alpha, three from haemoglobin subunit beta and three from lactate dehydrogenase), the 
rate of production of which, could be correlated with total body score and with the early 
stages of decomposition.  
Any biochemical marker employed to help define the post-mortem interval will be subject 
to inherent variability. However, the results described in this thesis demonstrate that 
peptide analysis during the decomposition process is a promising approach, which, with 
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Chapter One – Introduction 
1.1. General introduction – a note on thesis layout 
The major chapters presented in this thesis are manuscripts that have been published 
(Chapters Two, Three, Four and Five). Each of these chapters commences with a preface 
outlining the objectives of the chapter, which are aligned with the overall aims of the 
thesis and includes an Abstract, Introduction, Materials and Methods, Results, Discussion 
and Conclusion. To maintain consistency in the formatting, minor modifications have 
been made to the published manuscripts.  
 
The aim of this chapter is to provide an overview of the decomposition process (Section 
1.2.1.). The variables affecting the decomposition process will be introduced (Section 
1.2.2.), followed by a brief overview of current methods used to determine the post-









1.2. Mammalian decomposition and time since death 
estimations 
 
1.2.1. Decomposition stages  
The decomposition process is commonly categorized in a manner designed to assist 
investigators in estimating the post-mortem interval (PMI). Payne (1965) reported that 
the body progresses through six stages of decomposition when exposed to arthropod 
activity and five stages in the absence of arthropods [1]. Over time, these stages have 
been adapted and five common stages are now reported: fresh, bloat, active, advanced 
and dry [1-7]. 
 
1.2.1.1. Fresh stage 
This is the first stage in the decomposition process and begins immediately after the heart 
ceases to contract. Blood no longer circulates and the body undergoes changes known as 
the “classic triad”: livor mortis, rigor mortis and algor mortis [6]. Livor mortis, also 
known as post-mortem lividity or hypostasis, is one of the earliest observable changes. 
When circulation ceases, blood settles by gravity to the lowest portions of the body which 
results in a reddish-purple discoloration of the skin in those regions [6-8]. Rigor mortis, 
which refers to the stiffening of muscles after death, occurs due to the cessation of 
adenosine triphosphate (ATP) production. This results in the actin and myosin filaments 
becoming complexed which generates muscle rigidity. Algor mortis refers to the post-
mortem cooling of the body [9] due to the cessation of thermoregulation. Consequently 
the body’s internal temperature gradually equilibrates with the ambient temperature [7]. 
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Decomposition involves two processes, autolysis and putrefaction [9]. Autolysis refers to 
the enzymatic breakdown of soft tissues and is the first process identified during the fresh 
stage of decomposition [8, 10]. High ambient temperatures accelerate autolysis; cooler 
conditions slow the process and, due to enzyme inactivation, freezing can halt the process 
altogether [11]. Initially autolysis can only be observed microscopically, but as the 
process progresses, autolytic changes can be observed macroscopically. These include 
separation of the epidermis from the dermis resulting in skin slippage and the generation 
of post-mortem blisters known as bullae [9, 11, 12]. Marbling of the skin becomes evident 
due to superficial vessels becoming stained by intravascular haemolysis [11, 12]. 
Autolysis is thought to be initiated by a post-mortem decrease in intracellular pH due to 
hypoxia and the concomitant production of lactic acid [9]. The accumulation of waste 
products and the associated pH changes compromise cell membrane integrity resulting in 
the release of nutrient-rich fluid. This fluid provides an energy source for micro-
organisms thus facilitating putrefaction [13]. Blowflies and flesh flies are the first insects 
to visit the body and typically target open wounds and natural orifices [1, 7]. Female flies 
will deposit eggs or 1st instar larvae in areas protected from exposure to other carrion or 
the elements [14].  
 
1.2.1.2. Bloat stage 
During life, bacteria and fungi are found, naturally, within the body. Following death, 
however, these organisms escape from immunological suppression and proliferate. This 
proliferation initiates the process of putrefaction during which the proteins, carbohydrates 
and fats released as a result of autolysis are degraded by the microorganisms with 
associated production of gases and odours [5, 11]. The first phase of the putrefactive 
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process can be observed during the bloat stage of decomposition. It is characterised by 
the green/purple discoloration of the skin due to the release of pigments into the tissues 
of the abdomen by lysing pancreatic cells [15]. Catabolism of carbohydrates, proteins and 
lipids in the soft tissues results in the accumulation of gases and liquids in the peritoneal 
cavity causing the body to bloat [15, 16]. The increase in internal pressure eventually 
results in the purging of gases and fluid through the natural orifices [16, 17] and can also 
lead to the ejection of urine and faeces [5]. Due to increasing pressure in the chest, 
tracheobronchial foam and purge fluid is also expelled from the mouth and nostrils. As 
this liquid is often bloody it can be misinterpreted as evidence of a violent death.  
During the bloat stage, maggots hatch and feed on the tissues of the body. Maggot activity 
is confined, largely, to areas adjacent to natural orifices and they tend to accumulate in 
masses beneath the skin [1, 6]. The feeding of the maggots together with the accumulation 
of gases eventually leads to skin rupturing which provides a larger surface area for the 
growth and development of fly larvae and other microorganisms [7]. The purging of gases 
and fluids also contributes to the distinctive odour of decay [1, 7]. 
 
1.2.1.3. Active decay stage 
Due to the reduction of cadaveric material as a result of maggot feeding and the purging 
of fluids, active decay is characterised by a major loss of tissue mass. Active decay begins 
soon after fluids and gases have been purged from the body [10, 17]. Tissue continues to 
degrade and volatile fatty acids are released [16, 17]. Insect activity peaks and products 
of decomposition such as dimethyl disulphide and ammonia become detectable [18-20]. 
As macromolecules continue to degrade generating sugars, fatty acids and amino acids as 
a food source for microorganisms, putrefaction progresses during active decay [5, 11]. A 
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more detailed discussion of the generation of biochemical products during mammalian 
decomposition is provided in Chapter 2.  
If in soil, purged fluids accumulate around the body to create a cadaver decomposition 
island (CDI). A CDI is the area around the body into which the majority of the 
decomposition fluid leaches and where liquefaction of the soft tissues is most apparent. 
The conclusion of active decay is signalled by the considerable reduction in insect activity 
[7]. 
 
1.2.1.4. Advanced decay stage 
The rate of decomposition declines during the advanced decay stage due to the large 
reduction in readily available cadaveric material which reduces insect activity [6, 7, 21]. 
During this stage, adult Dermestidae, also referred to as skin beetles, arrive at the carcass 
and begin to feed [22, 23]. If the body is in contact with the soil, nearby vegetation will 
die and the soil within the CDI will contain increased levels of carbon, potassium, 
calcium, magnesium, and nitrogen [24]. 
 
1.2.1.5. Dry stage 
The dry stage is the final stage of the decomposition process [10]. Throughout this stage, 
any remaining moist tissue, such as skin, is converted into a leather-like material that 
adheres to the bone [16, 17]. The dry stage, which may be associated with a surge in plant 
growth around the edge of the CDI due to the high levels of nutrients in the soil [21], is 
often referred to as the skeletal stage. It is reached when a large amount of bone is exposed 
but significant breakdown of the bone has not yet occurred [10, 25]. Adlam and Simmons 
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defined skeletonisation as bone exposure of more than 50% with minimal moisture 
present, or if 30% of the bones had been subjected to bleaching and weathering processes 
[26]. Whether the body progresses to the skeletonisation stage is dependent on both the 
post-mortem interval and the environmental conditions. It is believed that the head, face 
and limbs tend to decompose more rapidly, reaching skeletonisation before the trunk. 
However, this sequence depends upon the positioning of the corpse and the prevailing 
environmental factors such as temperature and humidity [27].  
It is important to remember that no two individuals are identical and, as a consequence, 
rates of decomposition differ [5]. Previously published stages of decomposition, although 
commonly used, cannot always describe decomposition, accurately, under varying 
conditions. Conditions that affect the rate and process of decomposition, together with 
those that result in differential decomposition, generate complications in the 
characterisation of the stages. Therefore, it is important to recognise that these 
classifications should be used as a guide only [28]. 
 
1.2.2. Variables affecting decomposition 
The chemical and physical changes observed during the process of decomposition are 
strongly influenced by both environmental and case-specific factors [29], with  
environmental differences having the greatest impact [16, 30-33]. Van’t Hofft’s “rule of 
ten”, often referred to as the Q10 rule, states that with each 10 degree increase in 
temperature, the chemical rate of decomposition increases two-fold [15]. Temperature is 
the single most important factor influencing the rate of decomposition [24, 32-35]. High 
temperatures accelerate the process, whilst low or freezing temperatures significantly 
decrease the decomposition rate [36]. Archer (2004) concluded that the duration of the 
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stages of decomposition, the overall rate of decomposition and the reduction in tissue 
mass during decomposition were all profoundly influenced by temperature and hence by 
the season in which the decomposition occurred [36]. Temperature can also influence 
whether insects or bacteria are present and it can also impact the rate of degradation of 
carbohydrates and proteins [24]. Vass et al. contend that decomposition ceases below 0°C, 
but the accuracy of this statement is yet to be confirmed [24]. It has been suggested that 
PMI can be estimated more accurately if temperature is taken into account by calculating 
the accumulated temperature to which a corpse has been exposed [32]. Accumulated 
degree days (ADD) are derived from the summation of the average daily temperatures for 
the length of time the corpse has been decomposing [32]. A regression equation is then 
used to estimate PMI by predicting ADD from a total body score (TBS) [32]. Other 
environmental factors including humidity and rainfall also affect the nature and rate of 
the decomposition process [16, 31, 36]. Increased humidity generates a moist 
environment favourable to flies and ideal for soft tissue decomposition [35]. Light 
rainfall, by rehydrating dried tissues, increases larval activity and, hence, accelerates 
biomass reduction. Heavy rainfall on the other hand, reduces larval activity and decreases 
the rate of decomposition because it compromises the capacity of adult flies to lay eggs 
[36].  
Flies and other insects are attracted to a corpse due to odours emitted by volatile 
compounds [19, 37-39]. Insect activity associated with decomposition is, itself, directly 
proportional to temperature and, as a consequence, insect activity is second only to 
temperature, in determining decomposition rates; the warmer the climate, the greater the 
insect activity, the greater the decomposition rate [2, 30, 35, 40]. The period of greatest 
soft tissue degradation occurs when insect activity is maximal [30]. If the onset of insect 
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activity is delayed or absent, the rate of decomposition is substantially reduced [1, 28]. 
Other factors that can contribute to the rate of decomposition are scavenger activity (birds, 
mammals and reptiles), soil pH, presence or absence of clothing, burial depth, presence 
or absence of wounds and the size and weight of the original corpse [2, 16, 30, 31, 41, 
42]. The complex interaction between these factors contributes to the difficulty in 
estimating the post-mortem interval. 
 
1.2.3. Estimation of the post-mortem interval 
Estimating time since death, or post-mortem interval (PMI), is fundamental in forensic 
investigations aimed at reconstructing events associated with suspicious deaths. An 
accurate PMI estimation can contribute, significantly, to such investigations by 
establishing a timeframe to which efforts and resources can be directed. Methods 
designed to estimate the post-mortem interval with accuracy have long been sought but it 
remains notoriously difficult to achieve. Various methods are currently available for PMI 
estimation but not all methods are reliable [16, 18, 24, 28, 33, 43, 44].   
Traditionally, forensic pathologists approximate the PMI by assessing the three soft tissue 
indicators known to occur within the first 48 h after death: algor mortis, livor mortis, and 
rigor mortis [43]. Unfortunately, observational-based techniques are subjective and the 
interpretation of the observed changes often depends upon the background and experience 
of the practitioner [29]. If a body is in the mid- to later stages of decomposition, forensic 
entomology can be a useful tool for estimating the PMI [27, 30, 33, 34]. Insects are known 
to colonise remains at specific times and at particular stages of decomposition. Once 
insects colonising a body have been identified to species level, consideration can be given 
to their seasonality, their stage of development on the body and the propensity for the 
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species to colonise fresh or significantly decomposed remains [45]. This approach can 
assist with PMI estimation and has been used with some success [2, 36, 45], but it is not 
without its limitations. Difficulties arise when temperatures are low, when insects have 
limited access to remains, when drugs are present or when the remains have become 
skeletonised [30, 34].  
More recently a variety of time-dependent biomarkers including the production of fatty 
acids [28, 44, 46-49], amino acids [16] and volatile organic compounds [18, 19, 37-39], 
all of which are generated during the decomposition process, have been investigated as 
potential indicators of the PMI. Although current biochemical techniques can identify and 
quantify these decomposition products, their applicability to the estimation of PMI 
requires substantial further investigation. Chapter Two provides a thorough review of 
these techniques.  
 
1.2.4. Decomposition fluid 
The average adult human is composed of approximately 60% water. This water is derived 
from the liquid or water from food consumed [50]. Approximately 40% of the total body 
weight is intracellular fluid that is contained within the cells of the body and 
approximately 20% is attributed to the extracellular fluid (fluid not contained in the cells)  
[50]. Plasma, which is the non-cellular portion of blood, accounts for one quarter of 
extracellular fluid, while interstitial fluid accounts for the remaining three quarters. 
Blood, which contains both intra- and extracellular fluid constitutes roughly 7% of the 
total body weight [50].  
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The liquefaction of multiple tissues (intestine, stomach, pancreas, liver, heart, blood, lung, 
kidney, bladder and the brain) is believed to be the source of decomposition fluid. 
Following death, digestive enzymes break down tissues within the body during the 
process of autolysis [11, 15, 51]. As time progresses, any cell containing hydrolytic 
enzymes will undergo liquefaction. Cells that are more metabolically active, thus 
possessing more hydrolytic enzymes, will liquify first, followed by the more durable 
tissues [11, 15]. The accumulation of gases and liquids in the body results in an increase 
in internal pressure and eventually results in the purging of gases and fluid through the 













1.2.5. Aims and scope of thesis 
This PhD thesis documents the results obtained from the investigation of an alternative 
biochemical approach aimed at PMI estimation, using pigs as human substitutes. The aim 
of the research was to characterise the peptide profile of decomposition fluid generated 
under a variety of experimental (laboratory-based) and field-based environmental 
conditions (summer versus winter), and to evaluate its potential for PMI estimation. 
Specific peptides were isolated from decomposition fluid which was generated at 
different stages of the decomposition process. The peptides were sequenced and the 
proteins from which they originated were identified. Quantification of promising peptides 
was undertaken with a view to identifying those peptides, and the proteins from which 
they were derived, that displayed the most potential for PMI estimation  
This thesis addresses three broad questions:  
(1) What is the peptide profile of decomposition fluid and how does it change with time 
during the decomposition process?  
(2) Does the peptide profile of decomposition fluid remain consistent when exposed to 
different temperature regimes?  
(3) After quantification, can specific peptides be identified that display potential for use 
in time since death estimation in both summer and winter environments?  
These questions are addressed, sequentially, in each of the three main research chapters 
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Chapter Two – Mammalian 
decomposition products and their 
application to time since death 
estimations 
2.1. Preface 
This chapter consists of one published manuscript entitled ‘A review of the biochemical 
products produced during mammalian decomposition with the purpose of determining the 
post-mortem interval’ [Australian Journal of Forensic Sciences 2019, DOI: 
10.1080/00450618.2019.1589571].  
 
Studies directed at the identification of biochemical markers which may provide a more 
accurate estimation of the post-mortem interval have become increasingly common in the 
literature. Such studies have focused on fatty acids, amino acids, volatile organics and 
ninhydrin-reactive products generated during the process of decomposition. However, 
none of these compounds has proved to be capable of accurately estimating time since 
death. 
This manuscript provides an overview of the decomposition process and reviews the 
recent literature centred on these compounds. The main aim of this chapter is to assess 
the application of these studies to the estimation of the post-mortem interval and to 




With the exception of minor editorial changes to accommodate a thesis format, Section 
2.2 reproduces the following article, which can be found in its original published form in 
Appendix 58: 
Nolan, A.N., Mead, R.J., Maker, G., Speers, S.J. A review of the biochemical products 
produced during mammalian decomposition with the purpose of determining the 
post-mortem interval. Australian Journal of Forensic Sciences. 2019. DOI: 
10.1080/00450618.2019.1589571 (see Appendix 58). 
 
A supplementary section reviewing publications by Pittner et al. (2015 and 2016), 
Foditsch and Saenger (2017), Kwak (2017), Li (2017) and Choi (2019)  has also been 
included.  
 
2.1.1. Statement of contribution 
My role, as first author in this manuscript (2.2), was to write the first and final drafts of 
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2.2.1. Abstract 
This review focuses on the biochemical products generated during the mammalian 
decomposition process as a means of estimating the post-mortem interval (PMI). 
Decomposition involves the enzymatic breakdown of the body’s three main polymer-
based constituents: lipids, carbohydrates and proteins. The need to identify the 
biochemical constituents present within decomposition fluid and the time frame of their 
production is crucial in understanding the decomposition process and their potential for 
determining the PMI. This chapter provides an overview of the decomposition process; 
reviews recent work conducted on the analysis of decomposition fluid aimed at the 
estimation of the post-mortem interval, and provides a suggestion for future studies. 
 
2.2.2. Introduction 
Decomposition of mammalian soft tissue is a post-mortem process that, depending on 
environmental and physiological factors, will proceed until the disintegration of soft 
tissue is complete. The need to understand this process is extremely important for 
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investigations into suspicious deaths where a post-mortem interval (PMI) needs to be 
established [1]. Decomposition involves the biochemical breakdown of lipids, 
carbohydrates and proteins [2]. With limited research having been conducted to determine 
the impact of environmental variation on the biochemical pathways involved in this 
process, it has been suggested that understanding the effects of temporal changes could 
aid in the determination of the post-mortem interval [1]. 
The need to determine the biochemical constituents present within decomposition fluid 
and when these are produced is crucial in beginning to understand the biochemistry 
behind the overall decomposition process. However, analysis of decomposition fluid has 
proven to be difficult due to its complexity and its association with microbes, insects and 
other debris [1]. This paper provides an overview of the decomposition process and 
reviews recent work on the analysis of decomposition fluid to assist in determination of 
the PMI. 
 
2.2.3. Mammalian decomposition 
The decomposition process involves physiochemical processes that degrade the soft and 
hard tissues of the body into their fundamental components [3]. The changes that result 
from this degradation occur in a predictable order, but the rate is strongly influenced by 
external factors, the most significant of which is temperature [4]. All mammalian bodies 
progress through the decomposition process in the same phased manner, but it is the 
variability in temperature which has the greatest effect on the length of each stage and the 
overall time taken for a body to progress from the fresh to the skeletonisation stage [5].  
22 
 
Decomposition is categorised so as to explain the process and to assist investigators in 
estimating the PMI of the deceased [6]. Depending on environmental conditions, 
decomposition commences immediately after death and is characterised by two main 
stages, pre- and post-skeletonisation. The pre-skeletonisation stage can be further divided 
into five sub-stages; fresh, bloat, active decay, advanced active decay and dry [7]. A 
summary of the physical characteristics observed during each stage is shown in Table 
2.2.1. 
 
Table 2.2.1. Stages and features of the five most common decomposition stages adapted from Payne (1965) and Comstock 
(2014) [8, 9]. Intervals adapted from Clark, Worrell and Pless (1997), Fitzgerald (2009) and Marhoff-Beard (2018) [10-
12]. Note: All intervals are approximate and stages are highly variable. 
Stage Characteristic features Intervals 
Fresh Minimal macroscopic changes 
Associated with the mortis triad (algor, livor 
and rigor mortis) 
Up to 7 days 
Bloated Gases accumulate and inflate anatomically 
spacious parts of the body, such as the 
abdomen 
Post-mortem bullae 
Marbling of skin 
Purging of fluids from natural orifices, such as 
nostrils and mouth 
Develops within 48 
hours after death 
and generally lost 
by Day 7, but has 
been recorded as 
late as Day 13 
Active decay Prominent insect activity 
Strong odours and release of cadaveric 
material 
Exposed bone becomes discoloured and 
leathery 
Occurs between 
Day 2 and 8 after 
death 
Advanced decay Minimal remaining soft tissue 
Discolouration of skin 
Skin takes on “leathery-like” texture and 
appearance 
Fluids cease purging and dry out 
Odour decreases in intensity 
Initiated at least one 
week after death 
but has been 
recorded months 
following death  
Dry/skeletal Small patches of skin, bones and teeth remain Ranges from 
several weeks to 






2.2.3.1. Fresh stage 
Biochemical decomposition involves two processes: autolysis and putrefaction. 
Autolysis, or enzymatic self-digestion, is the first identifiable process that takes place 
during the fresh stage of decomposition [1, 13]. One of the earliest effects of the inability 
to produce energy in the form of adenosine triphosphate (ATP) is the loss of membrane 
structure through autolysis, occurring first in the most metabolically active cells [5]. High 
ambient temperatures can accelerate autolysis; cooler conditions can slow the process, 
while freezing can suspend it altogether as a result of inactivation of enzymes [10]. Initial 
changes caused by autolysis can only be seen microscopically, but as the process 
progresses, changes can be observed macroscopically. Marbling of the skin results from 
the superficial vessels becoming stained by intravascular haemolysis (autolysis of red 
blood cells) [10, 14], loosening of the epidermis from the dermis, often referred to as skin 
slippage, and the generation of post-mortem blisters known as bullae as cellular 
membranes dissolve, resulting in nutrient rich fluid being released into the body. This 
fluid serves as an energy source for micro-organisms, facilitating putrefaction [15]. 
As cells reach end-stage autolysis, endemic bacteria and fungi, which are 
immunologically supressed during life, proliferate. The proteins, carbohydrates and fats 
that are released during autolysis act as a food source for these organisms, resulting in the 
production of gases and odours during putrefaction [10, 16]. The initiation of putrefaction 
can be observed during the bloat stage of decomposition and is characterised by the 
green/purple discoloration of the skin due to variously coloured pigments being released 
into the tissues of the abdomen from lysing pancreatic cells [5]. Catabolism of 
carbohydrates, proteins and lipids present in the soft tissues results in the build-up of 
gases and liquids causing the body to bloat [2, 5]. The increase in internal pressure 
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eventually results in the purging of gases and fluid through the natural orifices of the body 
[2, 17]. The bloat stage also facilitates the hatching and feeding of maggots on the tissues. 
Maggots are abundant around the natural orifices and congregate in masses underneath 
the skin [9, 18]. The feeding of the maggots together with a build-up of gases eventually 
results in skin rupture providing a larger surface area for the development of fly larvae 
and other microorganisms [19]. 
 
2.2.3.2. Later stages 
Active decay is characterised by the period of greatest loss of mass due to the reduction 
of cadaveric material through maggot feeding and purging of fluids. Active decay begins 
shortly after fluids and gases have been purged from the body due to putrefaction [1, 17]. 
Muscle tissue continues to break down producing volatile fatty acids, and the 
decomposition of protein and fat produces glycerol and phenolic compounds [2, 17]. 
Insect activity is prevalent and decomposition products such as cadaverine and putrescine 
become detectable [7]. Putrefaction continues to take place during active decay as 
chemical components continue to be degraded and released, acting as a food source for 
bacteria and fungi [10, 16]. Purged fluids accumulate around the body and create a 
cadaver decomposition island (CDI). A CDI is the area around the body in which the 
majority of the decomposition fluid leaches into the soil and where liquefaction of the 
soft tissues becomes more apparent [19]. It is characterised by the persistence of strong 
odours due to the presence of gases such as hydrogen sulphide which result from bacterial 
carbohydrate fermentation [5]. The completion of active decay is signalled by the 
migration of maggots away from the body to pupate [19]. The rate of decomposition is 
inhibited during the advanced decay stage due to the reduction in readily available 
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cadaveric material and, as a consequence, reduced insect activity [18-20]. If a cadaver is 
located on the soil, dead vegetation is apparent and the CDI surrounding the body contains 
increased levels of soil carbon, nutrients such as potassium, calcium and magnesium, as 
well as increased levels of soil nitrogen [7]. 
The dry stage, often referred to as the skeletal stage, is the final stage of the decomposition 
process [1]. During this period, any moist or wet skin or tissue that remains is converted 
into a leathery-like covering that adheres to the bone [2, 17]. In addition, there may be a 
surge in plant growth around the CDI due to the high levels of nutrients in the soil [20] . 
The dry stage is reached when a large amount of bone is exposed, but extreme breakdown 
of the bone has not yet begun [1, 6]. Adlam and Simmons defined skeletonisation as bone 
exposure of more than 50% with minimal moisture, or if 30% of the bones have already 
been subjected to the bleaching and weathering processes [21]. Whether the body 
progresses through to the skeletonisation stage is dependent on both the post-mortem 
interval and environmental conditions. Generally the head, face and limbs decompose 
more rapidly, therefore reaching skeletonisation faster than the trunk. However, this 
sequence is subject to the positioning of the corpse and environmental factors such as 
temperature and humidity [21]. 
 
2.2.4. Decomposition products 
Decomposition involves complex reactions that result in the breakdown of proteins, 
nucleic acids and carbohydrate and lipid-based macromolecules into their structural 




2.2.4.1. Decomposition products of proteins 
During decomposition, proteins are enzymatically hydrolysed via the process of 
proteolysis [22]. Because it does not occur at a uniform rate, proteolysis can take place 
earlier in some tissues than in others [23]. Tissues such as the brain, liver and kidney, 
along with neuronal and epithelial cells are the first to be degraded by putrefaction [5, 
23]. Conversely, tissues that are more resistant to proteolysis, such as connective tissue, 
survive for longer. During decomposition, proteins hydrolyse into peptones, 
polypeptides, proteoses and ultimately into amino acids [5]. The amino acids are further 
degraded by deamination, which results in the production of ammonia; desulfhydralation, 
which can generate hydrogen sulphide, pyruvic acid and thiols; or decarboxylation, which 
produces cadaverine, putrescine, tyramine, tryptamine, indole, skatole and carbon dioxide 
[24]. 
 
2.2.4.2. Decomposition products of carbohydrates 
Carbohydrates in soft tissue also degrade as a result of decomposition. Polysaccharides, 
such as glycogen, are broken down by microorganisms into component monosaccharides, 
such as glucose, during the early stages of decomposition [24]. Monosaccharides can be 
completely oxidized to carbon dioxide and water or can partially decompose to produce 
organic acids and alcohols. Fungi degrade monosaccharides into glucuronic, citric and 




2.2.4.3. Decomposition products of lipids 
Following death, neutral lipids undergo hydrolysis where a mixture of free saturated and 
unsaturated fatty acids are produced when intrinsic lipases release glycerol from a fatty 
acid backbone [24, 26]. Under ideal conditions, when sufficient water and bacterial 
enzymes are present, neutral lipids will degrade until only fatty acids remain. Bacterial 
enzymes can then convert fatty acids into hydroxyl fatty acids; these will remain as 
adipocere if sufficient water and enzymes remain available and if no chemical changes 
occur [26]. Alternatively, fatty acids can associate with potassium and sodium ions in 
tissues to produce salts. If the body is buried or exposed to moisture, soaps can form when 
the sodium and potassium ions are replaced by calcium and magnesium ions and 
contribute to the formation of adipocere [25, 27]. Fatty acids produced by hydrolysis can 
undergo either anaerobic or aerobic degradation, depending on the availability of oxygen 
[25]. 
 
2.2.5. Chemical studies of decomposition 
2.2.5.1. Volatile fatty acids (VFAs) 
Short chain fatty acids, also known as volatile fatty acids (VFAs), were the primary focus 
in early studies on the biochemistry of decomposition. One of the earliest investigations 
into VFAs used a portable gas chromatograph (microFast GC-2) and mass spectrometer 
(MS) to identify VFAs in soil samples collected from cemetery and mass graves in Duz, 
Kosovo and in Knin, Croatia [28]. The detection of VFAs from control soil samples 
collected from the two locations varied. Only isobutyric and valeric acids were detected 
in a single sample collected from Kosovo, while isovaleric and isobutyric acids were 
detected in two control samples retrieved from Croatia. However, samples collected from 
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mass graves were found to contain several other fatty acids including lauric, oleic, 
palmitic, capric, myristic and stearic acids. As these fatty acids were not detected in the 
control soil samples, their presence was deemed to be associated with the decomposing 
remains. However, a number of variables between the two sites (differences in burial, 
exhumation and sampling times) and exposure to rain made it difficult to evaluate whether 
these particular VFAs could be employed, usefully, in estimating the post-mortem 
interval [28].  
Similar research into VFAs was conducted by analysing five microbial VFAs (isobutyric, 
n-butyric, isovaleric, n-valeric and propionic acids) using gas chromatography (GC) [7]. 
Soil samples were collected at random from sampling sites beneath cadavers, diluted with 
water and filtered. The samples were then analysed using GC with flame ionisation 
detection (FID) [7]. Initial results were affected by differences in ante-mortem weight and 
soil content however, once corrected, VFA concentrations were found to be the same for 
any given total of accumulated degree days (ADD), regardless of the physical features of 
the cadaver or the season in which the cadaver began to decompose [7]. Further studies 
also found that there were direct correlations between the concentrations of propionic, 
butyric and valeric acids and the decomposition process, primarily due to the sequential 
breakdown of proteins. It was reported that the method can estimate the post-mortem 
interval to within +/-2 days [2]. More recent studies investigated decomposition fluid in 
the absence of a soil matrix, using pigs as substitutes for human cadavers. However, these 
studies were unable to verify the patterns found between VFAs and ADD that had been 




2.2.5.2. Long chain fatty acids 
Although not directly related to time since death, adipocere is one of the most widely 
studied decomposition products. Adipocere is the white, soap-like material which can 
form on decomposing remains or in the surrounding soil environment following 
conversion of body fat into a mixture of lipids [30]. Major components of adipocere are 
myristic, palmitic and stearic acids. Unsaturated fatty acids such as oleic and palmitoleic 
acid can also be present in varying amounts, however this depends on the extent of 
adipocere formation [30]. Early studies of adipocere in soil focused on the development 
of chemical techniques for its identification. Following removal of coffins, Stuart et al 
(2000) collected samples believed to contain adipocere from areas of soil coinciding with 
the lower trunk/buttock regions of cadavers. [31]. A total of 3 burial sites located in wet 
environments were sampled, containing cadavers ranging in age from 16–26 years. 
Analysis of the spectra from each of the soil samples by diffuse reflectance infrared 
Fourier transform (DRIFT) spectroscopy revealed fatty acids, hydroxyl fatty acids, 
triacylglycerols and calcium salts of fatty acids. The method was also able to identify a 
distinctive region within the spectra that was not only characteristic of adipocere 
formation but could assist in determining the extent of its formation [31].  
The same method was applied to adipocere collected from both pig and human tissue in 
aqueous environments [32]. Tissue samples were submerged in deionised water for a total 
of 6 months; samples were collected each day for the first month and then at 3 and 6 
month intervals, thereafter. Similar to early findings, the lipid profiles for both human 
and pig tissue showed a decrease in triglycerides and an increase in free fatty acids as the 
immersion time increased [32].  
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Despite the difference in medium, the same fatty acids present in adipose tissue have also 
been found in decomposition fluid collected from pork belly rashers, stillborn piglets and 
pig carcasses [29]. Decomposition studies were conducted in two locations: Perth, 
Western Australia and in southern Ontario, Canada to provide a comparison between 
compounds detected in decomposition fluid [29]. The samples were analysed by gas 
chromatography-mass spectrometry (GC-MS) and as with previous studies on adipose 
tissue [23, 31, 32], the mono-unsaturated fatty acid, oleic acid, was found to be the most 
abundant, followed by linoleic, palmitoleic, and palmitic acids [29].  
In a 2014 study, fatty acid biomarkers in decomposition fluid were assessed for their 
potential in estimating the post-mortem interval [8]. A number of replicate trials both in 
the presence and absence of insect activity were performed during the spring and summer 
months in Ontario, Canada. Decomposition fluid was collected and analysed via 
attenuated total reflectance infrared spectroscopy (ATR-IR) and GC-MS to examine fatty 
acid degradation. In agreement with other studies, a number of fatty acids were found to 
be present in the porcine tissue (myristic, palmitic, palmitoleic, stearic, oleic, and linoleic 
acids). These were also consistently detected in the decomposition fluid samples, in 
addition to several minor fatty acids. However, inconsistencies in fatty acid levels 
throughout different stages of decomposition were observed and the fatty acids detected 
in each trial failed to display consistent trends; significant differences in concentration 
were documented for all carcass groups during the active decay stage. It was concluded 
that insects may consume fatty acids or increase the rate of decomposition, thereby 
modifying fatty acid concentration in samples of decomposition fluid at different stages 
of the process. As a result, the use of fatty acid concentrations to estimate the PMI was 
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deemed unsuccessful as no clear trends were identified that correlated clearly with time 
since death [8]. 
 
2.2.5.3. Amino acids 
The analysis of amino acids, neurotransmitters and the decomposition by-products, 
cadaverine and putrescine, by Vass et al. revealed useful patterns for the estimation of the 
PMI [2]. A total of 18 cadavers were left to decompose in various seasons and over a 
four-year time period. Tissue sampling was conducted at various intervals (spanning from 
twice a day to intervals of up to six days) from the brain, heart, lung, liver, kidney and 
muscle, and only discontinued when there was lack of tissue, complete tissue degradation 
or if maggot activity rendered the tissue inaccessible. GC-MS analysis of the tissues 
revealed that neither putrescine nor cadaverine were useful indicators of PMI due to 
inconsistencies in concentration between cadavers. However, ratios between oxalic acid, 
gamma amino butyric acid (GABA), proline, methionine, phenylalanine, tyrosine, 
isoleucine and histidine showed linear relationships with PMI, and of these oxalic acid 
was found to be the best indicator due to its high abundance [2].  
 
2.2.5.4. Volatile organic compounds (VOCs)  
Volatile organic compounds (VOCs) associated with decomposition are currently used as 
a means to train cadaver dogs in the detection of human remains both on the surface or in 
clandestine graves [33-37]. Vass et al. established a decomposition odour database in 
2004 in order to document VOCs produced as a result of the decomposition process [34]. 
A total of 424 compounds were identified (with several more unknown) via thermal 
desorption-gas chromatography-mass spectrometry (TD/GC-MS) from 4 buried 
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cadavers. Compounds were classed as cyclic or non-cyclic hydrocarbons, nitrogen or 
oxygen containing compounds, acids/esters, halogens or sulphur-containing compounds 
in order to assist in the interpretation of the data [34].  
In order to establish a chemical profile of the VOCs evolved during the early stages of 
decomposition, a study was conducted utilising one cadaver sealed inside a body bag for 
24 h [35]. Air samples from the headspace above the cadaver were extracted at 0, 4, 8 and 
24 h and analysed using the same TD/GC-MS methodology established in earlier studies. 
In contrast to previous findings, the chemical profile of decomposition was found to have 
significantly fewer compounds (30 in total) [35]. It was found that differences in the total 
number of compounds detected could be attributed to the differences in the post-mortem 
interval of the cadavers utilised in each study; 4 days in comparison to 1.5–12 years.  
A more recent study produced comparable profiles in terms of the dominant VOCs 
detected throughout decomposition; including dimethyl sulphide, dimethyl disulphide, 
dimethyl trisulphide, trimethylamine, indole, phenol, hexane, heptane, octane, and a 
range of straight-chain and methylated aldehydes, ketones, alcohols and carboxylic acids 
[38]. In order to characterise the relationship between these dominant VOCs and the stage 
of decomposition, principal component analysis (PCA) was used to visualise data 
groupings. In terms of VOC profile, the fresh and skeletal stages were found to be similar, 
due most probably to the limited production of VOCs during those stages. The majority 
of VOCs were identified during the bloat, active decay, and advanced active decay stages, 
with reduced concentrations detected during the skeletal stage. The bloat stage was found 
to have high levels of sulphides, aromatics, carboxylic acids, and nitrogen-containing 
compounds and the advanced decay stage (inclusive of mummification) was characterised 
by sulphides in combination with other compound classes in low concentration [38]. 
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2.2.5.5. Ninhydrin-reactive nitrogen 
A number of approaches have been employed to search for and recover clandestine 
remains including the use of cadaver detection dogs [33], thermal imaging [39, 40] and 
ground penetrating radar [41, 42]; however, each technique has its limitations [43]. 
Recent chemical analysis of grave sites has suggested an alternative method for the 
detection of buried remains.  
Studies have shown that cadaver decomposition resulted in the release of significant 
amounts of nitrogen into grave-associated soils in the form of ammonium and nitrate [7, 
44]. During the early stages, organic forms of nitrogen are also released in the form of 
proteins, peptides and amino acids; these nitrogenous compounds, in addition to 
ammonium, have the ability to react with ninhydrin [20]. In 2008, Carter, Yellowlees and 
Tibbett hypothesised that the decomposition process would result in a significant increase 
in ninhydrin-reactive nitrogen (NRN) in soils. Grave and control soil samples were 
sequentially and destructively sampled at intervals of 7 days for up to 28 days following 
burial of juvenile rats. The procedure was replicated six times, resulting in a total of 48 
soil samples from which nitrogenous compounds were isolated, ninhydrin added and the 
absorbance read at 570 nm using visible spectrometry [20]. The soil samples from the 
burial sites were found to contain a 1.4- to 2.2- fold increase in NRN. It was noted, 
however, that other organic materials such as faecal matter and plant litter were also 
associated with elevated levels of NRN [20].  
The same NRN methodology was employed to investigate the decomposition of surface 
and buried porcine remains [43]. Soil samples were collected from the base and walls of 
graves prior to burial; each month for 6 months after burial, and also following 
exhumation. Similarly, soil samples were collected from beneath the remains deposited 
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on the surface prior to deposition and then every two days after deposition. 
Concentrations of NRN were significantly greater (p < 0.05) in soil samples collected 
from the centre of gravesites and it was concluded that this period corresponded to the 
liquefactive changes that occur during decomposition. The highest concentrations of 
NRN in the surface trial were detected during the early to later post-mortem stages of 
decomposition (days 10–14). Though further research is still required, the method 
suggested a timeline for the release of nitrogenous compounds from cadavers and 
highlighted its potential for estimating post-mortem and post-burial intervals [43]. 
 
2.2.6. Discussion 
The current biochemical techniques employed to identify and quantify mammalian 
decomposition products and their applicability to the estimation of PMI require a 
substantial amount of further development. In addition, many of the techniques discussed, 
although suitable for identifying products that arise during the process of decomposition, 
are not sufficiently discriminatory to be used to estimate PMI. Nevertheless, it is 
important to identify the problem areas associated with current research so that future 
studies can focus on approaches that have greater potential for estimating the time of 
death. 
In decomposition studies, human cadavers should be used as often as possible. However, 
ethical restrictions and a number of practical and logistical issues have hindered the use 
of human cadavers in a large proportion of studies to date. Although some decomposition 
studies have been carried out in anthropological research facilities using human remains, 
replication has been an issue. Vass et al. conducted a number of decomposition studies 
between 1992 and 2004, using between 4 and 18 cadavers with an age range of 34–97 
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years, with the cause of death differing for each [2, 7, 34]. In order to overcome the ethical 
and replication issues that arise with the use of human cadavers, most studies have used 
pig or other animal models.  
Pigs have been deemed to be a suitable alternative to human cadavers because they are 
similar with respect to weight, muscle-to-fat ratio, hair coverage and internal anatomy 
[45]. The recommended carcass size for decomposition studies is 22 kg [46]. Though 
Swan et al. used carcasses that were 25 kg and Comstock et al. used carcasses that ranged 
from 20–30kg (specific weights not given), none of the studies adhered to the 
recommended carcass size. It is important for future studies to not only adhere to the 
recommended carcass size, but to be specific when reporting the sizes used. This will 
enable researchers to compare decomposition data between multiple studies, and to 
replicate them as required. It was also noted that studies often used as few as two 
replicates [29]. Multiple replicates of the same size, weight and age should be used in 
future studies to ensure repeatability and accuracy.  
The storage of cadavers was also identified as an issue in previous studies involving 
human remains. Cadavers were often stored in morgue coolers to halt decomposition until 
the trials took place [2, 7, 32, 34, 35]. A 2015 study assessing the differences in 
decomposition rate between fresh and frozen carcasses concluded that frozen carcasses 
should not be used for this type of research, as the results did not accurately reflect 
“normal” taphonomic conditions [47]. Although it may not be possible to avoid the use 
of fridges when using human remains, future studies should endeavour to limit the amount 
of time the remains are in cold storage before a trial begins. In studies involving pigs, 
most animals were anesthetised or shot on site and placed in situ within an hour of death 
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[8, 29, 43]. Future studies should employ this approach to replicate, more accurately, 
conditions likely to be encountered in forensic casework. 
The major problem identified in published research on decomposition products was its 
lack of applicability to PMI estimation. Many of the decomposition products currently 
being studied, although useful in locating, detecting and identifying human remains, are 
not able to define the post mortem interval more accurately than other methods currently 
in use. Vass et al. claims to have devised a method using VFAs that is accurate in 
estimating PMI within +/- 2 days, but this is yet to be supported or validated by other 
independent studies. Studies that have further investigated the use of VFAs in PMI 
estimation have suggested that changes in blood proteins may prove to be a useful 
alternative parameter, but such investigations have not yet been reported [28]. A 
forensically unrelated publication [48] has demonstrated that the extent of protein 
degradation in stored blood samples is time-dependent, which suggests that the rate and 
extent of protein degradation in such samples may be of value.  
With regard to estimating the post mortem interval, it is suggested that quantifying the 
rate and extent of protein degradation, as determined by peptide analysis in 
decomposition fluid, is worthy of investigation. Because each protein is unique in its 
primary structure, determination of the amino acid sequence of the increasing number of 
peptides generated during decomposition is likely to provide a more definitive view of 
tissue breakdown than the quantification of small molecules such as sugars, amino acids, 
and fatty acids which are more generic in their origin. Furthermore because some proteins 
are tissue-specific, and even isoenzymes are unique, there is the potential to identify 
which tissues are degrading at particular stages of the decomposition process. 
Identification of fatty acids, which are common to the membranes of all tissues, does not 
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provide that level of specificity. Other macromolecules such as triglycerides and glycogen 
do not display the uniqueness of structure possessed by proteins and their degradation to 
sugars (largely glucose) or to fatty acids such as palmitic, stearic and oleic does not 
provide as much tissue-specific or time-dependent information. The extent to which the 
rate of protein degradation during decomposition is influenced by environmental factors, 
is unknown at present but such studies are currently underway in our laboratory and will 
be the subject of future publications. 
 
2.2.7. Conclusion 
The need to develop methods for the estimation of the PMI is vital. Advances in the 
analytical separation of decomposition products has provided an alternative view to 
studying mammalian decomposition and has enabled a more detailed picture of the 
decomposition process to be constructed. Studies have shown promise when using 
analytical methods to identify biomarkers for estimating time since death, however these 
have yet to be validated. An obvious omission in the literature is the study of proteins and 
their subsequent degradation into peptides during the process of decomposition. It is 
suggested that such an investigation, which is currently underway in our laboratory, could 
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2.2.9. Supplementary information 
Information in this supplementary section is presented with the intention of adding to that 
presented in section 2.2.5. 
 
2.2.9.1. Proteins 
Initial studies on the post-mortem degradation of proteins in skeletal muscle were 
conducted in the context of meat tenderness and storage. These studies suggested that the 
degradation of titin, nebulin, desmin, troponin T, and filamin improved meat tenderness 
during storage [1-5]. These proteins were found to degrade at different rates and some 
were shown to generate the same degradation products in multiple species [3, 4, 6].  
Subsequently, Pittner et al. [7, 8] applied these findings to an estimation of the post-
mortem interval. Skeletal muscle samples were obtained from male pigs at pre-
determined intervals of 6, 12,18, 24, 36, 48, 60, 72, 84, 96, 108, 120, 144, 168, 192, 216, 
and 240 hours post-mortem. The extent to which titin, nebulin, α-actinin, tropomyosin, 
desmin, cardiac troponin T (cTnT), and SERCA1 had degraded during this period was 
then assessed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting [7]. It was found that α-actinin and tropomyosin were totally 
resistant to degradation, while desmin and SERC1 generated degradation products only 
towards the end of the 10-day investigative period. It was noted, however, that the 
degradative products of particular proteins were generated consistently at specific time 
points [7].  
In 2016, Pittner et al., using a similar approach, investigated the rate of post-mortem 
degradation of human skeletal muscle proteins in relation to temperature. It was found 
that the rate of degradation of cTnT and desmin correlated significantly with ADD, but 
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the other proteins investigated (tropomyosin, calpain 1 and calpain 2) were unaffected by 
the decomposition process [8]. A similar study conducted by Foditsch and Saenger (2016) 
also used SDS-PAGE and Western blotting to investigate the degradation of skeletal 
muscle proteins in pigs over 21 days [9]. Consistent with the findings of Pittner et al. [7], 
desmin, titin, nebulin and SERCA 1 displayed distinct protein patterns at specific time 
points, while α-actinin remained resistant to degradation [9].  
In a study conducted by Kwak (2017), liver and heart tissue were collected from deceased 
rats at 0, 24 and 48 hours after death [10]. Following extraction and analysis using SDS-
PAGE, proteins that displayed changes in density over time were extracted and analysed 
by high-performance liquid chromatography with tandem mass spectrometry. A total of 
26 proteins showed post-mortem changes in ion and mass spectral chromatograms. Of 
the 26 proteins, 5 liver proteins (tropomyosin, tubulin, glutathione synthetase, adenosine 
kinase, and alpha-enolase) and 4 heart proteins (adenosine triphosphate synthase, cardiac 
myosin heavy chain 5, Tnnt2 protein, and desmin) decreased continuously over the 48 
hour post-mortem period [10]. The trends displayed by desmin and tropomyosin, despite 
the difference in tissue samples, were consistent with those presented in the studies 
conducted Pittner et al. and Foditsch and Saenger [7, 9].  
Li (2017) used matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOFMS) to analyse muscle samples collected from deceased rats 
at time intervals of 0, 48, 96 and 144 hours after death [11]. Forty-four tissue sections 
were obtained in total and MALDI images were generated for peptides with strong 
spectral signals. Apparent decreases in peaks were detected at m/z 1511, 1543, 1564, and 
1586 across the 144 hour post-mortem period. PCA analysis of the loading plots 
associated with each MALDI image showed that peptide ions as m/z 1564 and 2168 
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accounted for the majority of variance in each image and displayed distinct changes in 
peak intensity at certain PMI’s. Li (2017), therefore concluded, that the peaks at m/z 1564 
and 2168 could be used as markers for time since death estimation [11]. 
In a more recent study, rat and mouse skeletal muscle samples collected at defined time-
points of 0, 24, 48, 72 and 96 hours post-mortem were analysed using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) [12]. A total of 36 proteins 
were found to decrease consistently over time from the rat skeletal muscle samples and 
10 from the mice. Two proteins, eEF1A2 and GAPDH, consistently degraded in samples 
collected from both species, suggesting intra- and interspecies degradation behaviour. 
Choi et al. concluded that both eEF1A2 and GAPDH proteins could be valuable markers 
for PMI estimation. 
Further research is required to identify proteins that undergo time-dependent degradation 
into peptides during decomposition that extends beyond the early post-mortem period. 
The characterisation of such peptides, an assessment of the time-frame of their production 
and identification of the proteins from which they have originated, appears to be a 
promising approach to the estimation of the post-mortem interval. This is the subject of 
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Chapter Three – Investigation of 
decomposition peptide profiles 
 
3.1. Preface 
This chapter outlines the results from a pilot study investigating the peptide profile of 
decomposition fluid under controlled conditions. This chapter consists of one published 
manuscript entitled ‘Examination of the temporal variation of peptide content in 
decomposition fluid under controlled conditions using pigs as human substitutes’ 
[Forensic Science International 2019, 298:161-168 – Scopus lists 2 citations of this paper 
as of 29/01/2020].  
 
Chapter Two reviewed the findings of previously investigated biochemical products 
deemed to be relevant to the estimation of the post-mortem interval. In addition, the 
chapter outlined the potential of other biochemical markers, and proteins in particular, to 
better define time since death. Though previous studies have suggested that protein 
biomarkers may be valuable for PMI estimation, the analytical methodologies employed, 
together with a reliance on specific tissues, limited the interpretation of the data. In studies 
described in this chapter, a more sophisticated proteomic technique was applied for an 
extended period of time post-mortem to evaluate the rate of protein degradation in 
decomposition fluid. Because it reflects the decomposition of a range of tissues, 
decomposition fluid may provide a better overall picture of the decomposition products. 
Preliminary observations of the peptide content of fluid generated throughout the 
50 
 
decomposition process are reported, and a link between peptide content and the 
decomposition process is explored. 
 
With the exception of minor editorial changes to accommodate a thesis format, Section 
3.2 reproduces the following article, which can be found in its original published form in 
Appendix 59: 
Nolan, A.N., Mead, R.J., Maker, G., Bringans, S., Chapman, B., Speers, S.J. Examination 
of the temporal variation of peptide content in decomposition fluid under 
controlled conditions using pigs as human substitutes. Forensic Science 
International. 2019; 298:161-8 (see Appendix 59). 
 
 
3.1.1. Statement of contribution 
My role, as first author in this manuscript (3.2.), was to collect and prepare the samples, 
conduct all laboratory work and data analyses, and to write the first and final drafts of the 
manuscript. Mass spectrometry analyses were performed with the assistance of Dr Scott 
Bringans at the Western Australian Proteomics Facility, at the Harry Perkins Institute of 
Medical Research. My other co-authors performed various roles of support and 






3.2. Examination of the temporal variation of peptide 
content in decomposition fluid under controlled 
conditions using pigs as human substitutes 
 
Ashley-N’Dene Nolana, Robert J. Meada, Garth Makera, Scott Bringansb, Brendan 
Chapmana, Samuel J Speersa 
aMedical and Molecular Sciences, School of Veterinary and Life Sciences, Murdoch 
University Western Australia, Australia 6150 




We report the preliminary observations of the peptide content of decomposition fluid 
produced under controlled laboratory conditions and in the absence of a soil matrix. Four 
domestic pig (Sus scrofa domesticus) cadavers were used to model human decomposition 
over a four-week trial period; physical characteristics were recorded and the peptide 
components of decomposition fluid were analysed using high performance liquid 
chromatography-time of flight mass spectrometry. Preliminary data analysis indicated 
that a range of peptides were consistently detected across the course of the trial period 
and 27 of these were common to all four cadavers; 22 originating from haemoglobin. The 
peptides associated with haemoglobin subunit alpha and beta displayed a breakdown 
pattern that remained consistent for all cadavers for the duration of the trial. Though 
identification of peptides during decomposition has potential for estimating the time since 
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Estimating the post-mortem interval (PMI) is often essential in the investigation of 
homicides  or unexplained deaths. An accurate PMI can assist an investigation in 
establishing the whereabouts and final movements of the deceased, exclude or include 
possible persons of interest and if homicide is suspected, corroborate witness testimonies. 
Knowing a PMI can also permit a more thorough taphonomic analysis, as the range of 
environmental factors can be retrospectively determined [1]. Traditionally, the 
observation of gross disintegration of soft tissue has been relied upon to estimate PMI by 
dividing the decomposition process into stages, the total number of which ranges from 
four to six [2-6]. However, defining the start and end points of each stage has proven 
difficult and the rate of progression through the stages is highly influenced by both 
intrinsic and extrinsic factors. This makes them unreliable and inaccurate for PMI 
estimation [7-9]. Although more quantitative botanical, entomological and biochemical 
methods to estimate PMI have been developed, these approaches still have their 
limitations [1, 8, 10-17]. 
A promising alternative to the established approaches is the investigation of degradation 
products in decomposition fluid. In 1992, Vass et al. reported the first study involving 
decomposition fluid and its potential to provide an alternative method for PMI estimation. 
The analysis of volatile fatty acids (VFAs) in decomposition fluid within a soil matrix 
was the primary focus. They concluded that VFAs were accurate and reliable biomarkers 
for certain stages of the decomposition process and that their determination in 
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decomposition fluid may be of value in the estimation of PMI for human cadavers [12]. 
However, as this research was only conducted in one location (Tennessee, USA), the 
results may have been affected by soil type and other environmental factors. 
Subsequently, Swann et al. analysed the fatty acid and amino acid composition of 
decomposition fluid from pigs in the absence of a soil matrix [14, 18, 19] and found that 
the compounds were released in a cyclical fashion. They reported that, although the 
number of cycles observed was time-dependent and could be related to PMI, it also varied 
with temperature. Consequently, the approach was not considered definitive for PMI 
estimation [18, 19].  
To date, most of the work directed at identifying biomarkers during decomposition has 
focused on fatty acids and carbohydrates in both humans and pigs [8, 12, 14, 18-21]. 
However, more recently, several studies have demonstrated that protein biomarkers may 
be more useful predictors of PMI than these compounds. Most promising are the studies 
by Pittner et al., who demonstrated, using SDS-PAGE, Western blotting and casein 
zymography that the detection of protein degradation products in porcine muscle could 
be correlated with the post-mortem interval [16]. Similar patterns of degradation were 
reported, subsequently, in decomposing human muscle. Desmin and cardiac troponin T 
were identified as candidate proteins with high potential for estimating the PMI [22]. The 
approach, when applied to a case of murder suicide, provided information that suggested 
which of the deceased had died first [23]. 
In this study a “whole body” approach was adopted in which more sophisticated 
proteomic techniques were applied to evaluate the rate of protein degradation in 
decomposition fluid with the aim of assessing the extent to which the production of 
specific peptides could be correlated with time since death. The present study reports 
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preliminary observations of the peptide content of fluid generated throughout the 
decomposition process under controlled laboratory conditions in the absence of soil, with 
the aim of determining if peptide content varies in relation to the decomposition process. 
 
3.2.3. Materials and methods 
3.2.3.1. Research facilities 
Preliminary decomposition studies were carried out within an enclosed, temperature 
controlled (24°C) environment located at Murdoch University, in Western Australia. A 
data logger (EL-USB-2+) was used to record and monitor temperature and humidity every 
10 min for the duration of the study. The study was approved by the Murdoch University 
Animal Ethics Committee (Cadaver approval number: 376). 
 
3.2.3.2. Cadavers 
Domestic pigs (Sus scrofa domesticus) were utilised within this study to model the human 
decomposition process. The domestic pig is considered an appropriate substitute due to 
their similarity to humans with respect to weight, muscle to fat ratio, hair coverage, 
internal anatomy and gut fauna [24]. Four adult female pigs (~20 kg) were euthanised by 
bolt gun to the temple two hours prior to commencing the study.  
 
3.2.3.3. Decomposition trials 
Each carcass was placed in a plastic container on a raised platform. Openings in the 
platform enabled the fluid to drain away from the body to ensure that the decomposition 
process was not influenced by fluid accumulation. The platforms on which the carcasses 
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rested remained parallel to the ground to prevent decomposition fluid flowing to different 
areas within the carcass.  
Insects were permitted access to two of the four carcasses. In order to simulate the 
colonisation of these carcasses by flies in an exposed environment, eggs of the calliphorid, 
Lucilia sericata, were introduced manually. The eggs were deposited on sites known to 
be colonised first (eyes, ears, mouth and nose) [3, 7, 25]. To exclude insects, the 
remaining two carcasses were covered with a breathable, white cotton fabric that was 
sealed to the containers. A mosquito net was also placed over each container as a primary 
barrier to insects. Cadavers from which insects were excluded were designated 1 and 2, 
while the insect-inclusive cadavers were designated 3 and 4. 
 
3.2.3.4. Observations 
Carcasses were monitored daily for the first two weeks and thereafter every second day 
until the conclusion of the study (four weeks post-deposition). Elapsed time was 
documented in accumulated degree days (ADD) to account for temperature. ADD 
represents the heat energy units available to sustain the chemical and biological processes 
required for decomposition to take place [1]. Observations were recorded on each 
experimental day focusing on physical appearance, including skin discolouration, 
bloating and deflation, skin ruptures, hair loss and bone exposure. Photographs were also 
taken to accompany observations. The stage of decomposition was assessed and 
evaluated, using the Total Body Score (TBS) method developed by Keough et al. [26]. 
As the manner and rate of decomposition is known to differ between anatomical regions, 
three regions of the carcass were scored independently: the head and neck, trunk and 
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limbs. These scores were then summed to calculate the TBS to represent the overall stage 
of decomposition for each carcass. 
 
3.2.3.5. Fluid collection 
Collection containers were monitored daily and fluid samples collected between 0800 and 
0900 for the first two weeks and, thereafter, every second day for the remainder of the 
study. The fluid was mixed thoroughly to ensure a homogenous mixture of the 
accumulated fluid was sampled on each monitored day. Five x 2 mL fluid samples were 
collected from each carcass container using a 1 mL plastic pipette and placed in 2 mL 
graduated microtubes. The samples were stored at -80°C until analysed. 
 
3.2.3.6. Sample preparation and analysis  
Because sufficient decomposition fluid (>2ml) was not always generated on a daily basis, 
samples collected every second day were prepared and analysed. Fluid samples were 
allowed to equilibrate to room temperature. A 1:4 dilution of the sample was prepared 
using LC/MS grade water (Thermo Fisher Scientific, Australia). The mixture was filtered 
using a 0.2 µm filter and the filtrate loaded onto a Vivaspin 2 10,000 MWCO filter 
(Sartorius, Australia). Samples were centrifuged at 4000 x g for a minimum of 60 min; 
centrifugation was continued in 30-min increments until the volume of retentate was ~100 
µL. A Strata-X 33 µm Polymeric Reverse Phase, 60 mg/3 mL column (Phenomenex, 
Australia) was pre-conditioned with methanol, acetonitrile, 0.1% formic acid and 80% 
acetonitrile/0.1% formic acid solution. The filtrate was then loaded onto the column, 
washed with 0.1% formic acid (Thermo Fisher Scientific, Australia) and eluted with 0.5 
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mL 80% acetonitrile/0.1% formic acid solution. The sample was then evaporated to 
dryness using an Eppendorf Concentrator Plus vacuum concentrator and stored at -80°C 
until analysed.  
The sample was reconstituted in 100 µL of 2% acetonitrile and 0.1% formic acid and 
analysed using a Shimadzu Prominence nano HPLC system (Shimadzu) coupled to a 
5600 TripleTOF mass spectrometer (Sciex). Peptides were loaded onto an Agilent Zorbax 
300SB-C18, 3.5 µm, 0.075 x 150mm column (Agilent Technologies) and separated using 
a 40 min linear gradient of water/acetonitrile/0.1% formic acid at a flow rate of 300 
nL/min. Peptides were eluted through a nanospray interface into a 5600 TripleTOF mass 
spectrometer (Sciex). The data were acquired in an information-dependent acquisition 
(IDA) mode with Analyst TF 1.6 software (Sciex). The MS settings were as follows: 
Ionspray Voltage Floating (ISVF) = 2300 V, curtain gas (CUR) = 20, ion source gas 1 
(GS1) = 20, interface heater temperature (IHT) = 150, and declustering potential (DP) = 
70 V. The first TOF MS scan (experiment 1) was performed in the mass range of 300-
1250 Da with a 0.25 s TOF MS accumulation time, whereas the MS/MS product ion scan 
was performed in the mass range of 100-1800 Da with a 0.05 s accumulation time. The 
criteria for product ion fragmentation was set as follows: ions (>300 m/z and <1250 m/z) 
with charge states of 2 to 5 and an abundance threshold of >250 cps. Former target ions 
were excluded for 10 s after one occurrence. The maximum number of candidate ions per 
cycle was 20 spectra. Spectral data were analysed using ProteinPilotTM 5.0 Software 




3.2.3.7. Data analysis 
Peptide data were analysed using the VennDiagram package [27] in RStudio version 3.5.1 
[28]. Peptide sequences were aligned using the following alignment settings in Geneious 
(v11.1.5): Alignment type = Global alignment with free end gaps, Cost Matrix = 
Blosum90, Gap open penalty = 22, Gap extension penalty = 3, Refinement iterations = 2 
[29]. 
 
3.2.4. Results and discussion 
3.2.4.1. Decomposition fluid analysis 
Decomposition fluid was collected, when available, from the four domestic pig cadavers 
during a four-week monitored period. Due to a combination of insect activity and 
experimental design, fluid was collected from Cadavers 3 and 4 only until days 7 (ADD 
168) and 13 (ADD 312), respectively, whereas fluids continued to be collected from 
Cadavers 1 and 2 until the end of the four-week period (ADD 696). Initial analysis of the 
samples revealed numerous peptides for each cadaver across the course of the trial period. 
There was no clear correlation between total peptide number and days progressed (r= 
0.46, 0.24 and 0.32 for Cadavers 1, 2 and 4, respectively) nor the degradation of the 
specific proteins from which the peptides were derived (r= -0.58, 0.13 and -0.06 for 
Cadavers 1, 2 and 4, respectively). Stronger correlations were apparent for Cadaver 3 
between total peptide number and days elapsed (r= 0.72) and between total peptide 
number and total parent protein (r= -0.99), however due to the small sample size, these 





Figure 3.2.1. Total number of proteins (histograms) and peptides (lines) (>95% CI) detected in decomposition fluid 
samples collected from Cadavers 1 and 2 (insects excluded) on analysis days 3–29 (ADD 72–696) and Cadavers 3 and 4 
(insect inclusive) on analysis days 3–7 (ADD 72–168) and 3–13 (ADD 72–312) respectively. 
 
3.2.4.2. Proteins  
Proteins were classified as being present if they were identified more than 50% of the 
time over the course of the trial period (29 days) [30]. Seventeen proteins were classified 
as being present for Cadaver 1, while 12 were deemed to be present for Cadavers 2 and 4 
(Table 3.2.1). Cadaver 3 was excluded from this analysis due to the small number of 
samples collected. 
 
Of the 41 proteins identified (based on the presence of peptides) in the decomposition 
fluid from the three cadavers, 5 were found to be common to all cadavers (Figure 3.2.2). 
Further investigation of the data set, focusing on proteins present in 3 out of 5 sample 




Table 3.2.1. Identification of the 41 proteins found to be present (detected =/> 50% of the time across trial period) in 
decomposition fluid collected from Cadavers 1, 2 and 4. Common proteins are formatted in bold. 
Replicate  Proteins present 
Cadaver 1  Beta-enolase 
Calsequestrin 
Carbonic anhydrase 3 





Haemoglobin subunit alpha 
Haemoglobin subunit beta 
Phosphatidylethanolamine binding 
protein 1 
Phosphoglycerate kinase 1 
Phosphoglycerate mutase 




Cadaver 2  Beta-enolase 
Carbonic anhydrase 3 
Collagen type VI alpha 3 chain 
Creatine kinase M-type 
Glucose-6-phosphate isomerase 
Haemoglobin subunit alpha 











Creatine kinase M-type 
Fibrinogen beta chain 
Fructose-bisphosphate aldolase 
Haemoglobin subunit alpha 










Figure 3.2.2. Venn diagram reporting proteins present (detected =/> 50% of the time across trial period) in decomposition 
fluid collected from Cadavers 1, 2 and 4. 
 
 
3.2.4.3. Protein identification 
The five common proteins were identified as creatine kinase, beta-enolase, pyruvate 
kinase, haemoglobin subunit alpha and haemoglobin subunit beta. The presence of these 
proteins in decomposition fluid can be explained by the process of autolysis in which 
digestive enzymes break down the tissues of the body following death [31-33]. Autolysis 
first begins in cells that are more metabolically active and thus possess more hydrolytic 
enzymes [31, 32]. Though autolysis has been found to commence as soon as 4 min after 
death [34], the time at which the process begins varies between tissue and organ types 
[32]. The first organs to undergo decomposition are the intestine, stomach, pancreas, 
liver, heart and blood [31]. These are followed by the lung, kidney, bladder and brain. 
Skeletal muscle is the next tissue to decompose, followed by more durable connective 
tissue [31]. During autolysis, cells exhibit two major types of micro- and macroscopic 
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changes in appearance. The first is coagulative necrosis, which is characterised by the 
preservation of the original structure of the tissue for several days following cell death. 
The second is liquefactive or colliquative necrosis, defined by the partial or complete 
disintegration of the dead tissue into a liquid, viscous mass [31]. Although the brain is the 
most recognised organ in which liquefactive necrosis takes place, any cell containing 
hydrolytic enzymes will undergo some level of liquefaction [31, 33]. The liquefaction of 
multiple tissues is believed to be the source of decomposition fluid and, if the level of 
these proteins can be monitored over time, it may indicate their potential as biomarkers 
of time since death. 
 
3.2.4.4. Peptides  
3.2.4.4.1. total peptides 
Peptide chain length for each sample day ranged from 14.1–16.8 amino acids, with 
relative standard deviations ranging from 27.5–32.9%. Average chain length was found 
to vary throughout the trial period with a trend towards longer chain length between 
collection days 13–19 (ADD 312–456) (Figure 3.2.3). The average chain length did not 






Figure 3.2.3. Average peptide chain length detected in decomposition fluid samples collected from Cadavers 1 and 2 
(insects excluded) on analysis days 3–29 (ADD 72–696) and Cadavers 3 and 4 (insect inclusive) on analysis days 3–7 
(ADD 72–168) and 3–13 (ADD 72–312) respectively. 
 
 
3.2.4.4.2. Specific peptides 
As shown in Table 3.2.2, the five common proteins yielded a total of 2,938 unique 
peptides during the decomposition process. The chain lengths of these peptides also 
fluctuated throughout the trial (Figure 4a–e).  
 
Table 3.2.2. Total number of peptides associated with the five proteins identified as being present (detected =/> 50% of 
the time across trial period) in Cadavers 1, 2 and 4. 
Protein Total No. Peptides 
Creatine kinase 437 
Beta-enolase 398 
Pyruvate kinase 476 
Haemoglobin subunit alpha 875 
Haemoglobin subunit beta 752 
Total 2,938 
 
Correlation between chain length and days elapsed (r= 0.68) was most apparent for the 
peptides generated from haemoglobin subunit alpha (Figure 3.2.4a) with a trend towards 






























for the peptides generated from haemoglobin subunit beta (r= 0.21), beta-enolase (r= 
0.26), creatine-kinase (r= 0.20) and pyruvate-kinase (r= 0.18) was less apparent (Figure 




Figure 3.2.4. Average chain length of peptides associated with (a) haemoglobin subunit alpha, (b) haemoglobin subunit 
beta, (c) beta-enolase, (d) creatine-kinase, (e) pyruvate-kinase detected in decomposition fluid samples. Samples collected 
from Cadavers 1 and 2 (insects excluded) on analysis days 3–29 (ADD 72–696) and Cadaver 4 (insect inclusive) on 





Peptide sequences were mapped against reference sequences of haemoglobin subunit 
alpha (XP_020942625) [35] , haemoglobin subunit beta (NP_001138313) [36], beta-
enolase (NP_001037992) [37], creatine-kinase (NP_00112342) [38] and pyruvate kinase 
(XP_001929104) [39] to identify breakdown trends on each sample day. Consistent 
breakdown patterns were identified for Cadavers 1, 2 and 4 for both haemoglobin subunit 
alpha and beta, however, breakdown patterns for beta-enolase, creatine kinase and 
pyruvate kinase showed inconsistencies between the three cadavers. The peptides 
associated with haemoglobin subunit alpha displayed a breakdown pattern that progressed 
from the amino terminal end to the carboxy terminal end of the reference protein as the 
trial progressed (Figure 3.2.5a–c). The most abundant peptides generated on Day 3 (ADD 
72) were derived from residues 4–27, while the most abundant peptides generated 
between Days 5–29 (ADD 120-696) were derived from residues 68–82. Further 
inspection of the structure of haemoglobin subunit alpha revealed greater potential 
exposure to proteolytic enzymes at these particular regions, likely increasing their 
susceptibility to proteolysis [35].  
 
 
Figure 3.2.5. Typical haemoglobin subunit alpha coverage. Peptides were detected in decomposition fluid samples 





The peptides associated with haemoglobin subunit beta displayed a breakdown pattern 
that remained consistent for the duration of the trial (Figure 3.2.6a–c). Peptides found to 
be most abundant were derived from residues 15–34 and 45–63 for each cadaver. As for 
haemoglobin subunit alpha, the nominated ranges of residues are potentially more 




Figure 3.2.6. Typical haemoglobin subunit beta coverage. Peptides were detected in decomposition fluid samples collected 
from Cadaver 1 (insects excluded) on analysis days (a) 3 (ADD 72), (b) 17 (ADD 408) and (c) 29 (ADD 672). 
 
 
Regardless of the presence or absence of insect activity, the breakdown of the 
haemoglobin subunits alpha and beta remained consistent for each cadaver group; in 
future, larger sample sets will be needed to verify these findings. Despite the promising 
findings that consistencies were present across multiple replicates, it is important to 
recognise that fluids were allowed to accumulate over the course of the trial period. It is 
therefore unknown whether the hydrolysis of these proteins was a direct consequence of 
the decomposition process or if breakdown also occurred within the collection containers. 
Future research will focus on the protein degradation that occurs as a direct outcome of 
the decomposition process. This can be achieved by sampling fluid produced within a set 
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timeframe and then discarding any remaining fluid after sampling is complete. If the 
degradation of proteins is similar to that found in this pilot study, this approach could 
assist in the estimation of time since death, particularly in the earlier stages of 
decomposition.  
 
Also promising is the consistent identification of peptides derived from residues 4–27 and 
68–82 for haemoglobin subunit alpha and 15–34 and 45–63 for haemoglobin subunit beta 
over the course of the trial period. As for the proteins, peptides were classed as present if 
they were identified more than 50% of the time over the course of the trial period [30]. A 
combined total of 413 peptides were classed as being present for Cadaver 1, 182 for 
Cadaver 2 and 76 for Cadaver 4. Of the 671 peptides identified across the cadavers, 28 
were found to be common (Figure 3.2.7).  
 
 
Figure 3.2.7. Venn diagram reporting the common peptides present (detected =/> 50% of the time across trial period) in 




Of the 28 common peptides, 18 originated from haemoglobin subunit beta, 4 from 
haemoglobin subunit alpha and 2 each from creatine kinase, beta enolase and pyruvate 
kinase (Table 3.2.3). The fact that these were found consistently over the course of the 
trial period and that they fell within the range of residues most susceptible to hydrolysis 
suggests that, if quantified, they may be useful determinants of time since death.  
 
 
Table 3.2.3. Identification of the 27 peptides found to be common in decomposition fluid collected across the trial period 
in Cadavers 1, 2 and 4. 
Protein Peptides associated 
Creatine kinase • DLFDPIIQDR 
• KDLFDPIIQDR 
Beta-enolase • QEFMILPVGASSF 
• IVGDDLTVTNPK 
Pyruvate kinase • GDLGIEIPAEKVF 
• LVTEVENGGFLGSK 
























Decomposition fluid has proven itself to be a complex and highly variable matrix to study, 
although initial trends show promise in that several peptides were consistently detected 
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across the trial period. Further development of the methodology is required for the 
quantification of peptides present throughout the decomposition process in order to 
investigate their potential association with time since death. While this preliminary study 
has only focused on controlled conditions, there is a need to effectively evaluate the 
relevance of these peptide trends within the field, in both summer and winter. Future work 
will require the use of larger sample sets to provide a more robust approach for the 
identification of peptide trends in decomposition fluid; this will also ensure relevant 
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Chapter Four – Influence of 
temperature differentials on 
decomposition peptide profiles 
 
4.1. Preface  
This chapter reports the results from two field-based decomposition studies investigating 
the impact of varying temporal temperatures on the peptide profile of decomposition 
fluid. The chapter consists of one published manuscript entitled ‘The impact of 
environmental factors on the production of peptides in mammalian decomposition fluid 
in relation to the estimation of post-mortem interval: A summer/winter comparison in 
Western Australia’ [Forensic Science International 2019, 303:109957]. 
 
Chapter Three outlined the results from a preliminary investigation into the peptide 
content of decomposition fluid under strictly controlled laboratory conditions, and 
highlighted the potential of peptides in estimating time since death. However, there are a 
number of intrinsic and extrinsic factors that impact upon the rate of decomposition, the 
most significant being temperature. Previous studies have found that more than 80% of 
the variability seen in soft tissue decomposition is the result of temperature differences 
[1, 5, 6]. It has been suggested that when coupled with Accumulated Degree Days (ADD), 
methods such as total body scoring (TBS) can accurately determine PMI across varied 
environments by accounting for differences in temperature [3, 4]. However, such methods 
are subject to limitations [4, 6, 7, 21-24, 26]. In contrast, studies focusing on biochemical 
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approaches have relied upon more robust parameters to assess the rate of decomposition 
with encouraging results [15, 27-33].  
In this chapter, the results of studies conducted during two field-based trials in the summer 
and winter months in Western Australia are described. These trials were designed to 
assess the impact of temperature on the peptide profile of decomposition fluid under 
different seasonal conditions. As a result, several peptides were identified as potential 
targets for future studies.  
 
With the exception of minor editorial changes to accommodate a thesis format, Section 
4.2 reproduces the following article, which can be found in its original published form in 
Appendix 60: 
Nolan, A.N., Mead, R.J., Maker, G., Bringans, S., Speers, S.J. The impact of 
environmental factors on the production of peptides in mammalian decomposition 
fluid in relation to the estimation of post-mortem interval: A summer/winter 
comparison in Western Australia. Forensic Science International. 2019; 
303:109957 (see Appendix 60). 
 
4.1.1. Statement of contribution 
My role, as first author in this manuscript (4.2.), was to collect and prepare the samples, 
conduct all laboratory work and data analyses, and to write the first and final drafts of the 
manuscript. Mass spectrometry analyses were performed with the assistance of Dr Scott 
Bringans at the Western Australian Proteomics Facility, at the Harry Perkins Institute of 
Medical Research. My other co-authors performed various roles of support and 
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We report the peptide content of decomposition fluid produced under field-based 
conditions and in the absence of a soil matrix. Sixteen domestic pig (Sus scrofa 
domesticus) cadavers were used to model human decomposition in trials conducted in the 
summer and winter months in Western Australia. Physical characteristics were recorded 
and the peptide components of decomposition fluid were analysed using high 
performance liquid chromatography-time of flight mass spectrometry. A range of 
peptides was consistently detected in both summer and winter. Thirty seven peptides were 
common to both trials; 22 originating from haemoglobin subunit beta, 1 from 
haemoglobin subunit alpha, 4 from beta-enolase, and 2 from creatine kinase. In agreement 
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with our previous findings, 13 peptides occurred consistently, regardless of trial 
conditions. Degradation patterns for haemoglobin subunits alpha and beta in summer and 
winter were similar when expressed in ADD and adjusted for differences in temperature. 
The consistent identification of several protein-specific peptides generated during 
decomposition trials conducted under different temperature and rainfall regimes suggests 
that quantitative peptide analysis may be useful in estimating time since death.  
 
4.2.2. Introduction 
Understanding the taphonomic processes associated with mammalian decomposition and 
how environmental variables affect the process is fundamental to the estimation of the 
post-mortem interval (PMI). An accurate PMI estimation can significantly contribute to 
an investigation involving unidentified human remains by eliminating potential decedents 
from a pool of possibilities, while at the same time, including others [1]. There are a 
number of intrinsic and extrinsic factors that impact upon the rate of decomposition, the 
most significant of which is the temperature to which the body is exposed [1-4]. Studies 
have found that more than 80% of the variability seen in soft tissue decomposition is due 
to temperature differentials [1, 5, 6], while other environmental factors such as humidity 
and rainfall have a lesser impact [2]. Trauma, insect activity, moisture content, body size 
and clothing are other factors known to impact the decomposition process, however, there 
is much debate about how much a role these factors play [1, 3, 7, 8].  
Various methods are currently available for estimating PMI, however, not all 
methodologies are reliable [1]. Traditionally, forensic pathologists estimate PMI in the 
hours after death by assessing the classic triad: algor mortis, livor mortis, and rigor mortis 
[9]. Forensic entomology is a useful tool for estimating PMI in the later stages of 
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decomposition, as insects are known to colonise remains at specific intervals and stages 
of decomposition [2, 3, 10, 11]. Such techniques have been used with some success [12-
16]; however, they are not without their limitations [1, 2, 11]. The Total Body Score 
(TBS) method developed by Galloway et al. [17] and modified by Megyesi et al. [4] has 
been commonly used as a quantitative means to measure decomposition [4, 7, 18-20]. It 
has been suggested that when coupled with Accumulated Degree Days (ADD), the TBS 
scoring method can accurately determine PMI across varied environments by accounting 
for differences in temperature and by providing symmetry between individual 
experiments [3, 4]. However, the model is not without limitations. Using the method on 
remains that are pre-adolescent, burned, buried or submerged is not advised [4]. 
Nawrocka et al. reported that the scores assigned by the model to remains in multiple 
stages of decomposition were inconsistent. Moreover, the same study found that 
indicators such as specific skin colour and vague descriptors such as “heavy maggot 
activity” also contributed to the inconsistencies [21]. Furthermore, several studies that 
have attempted to validate the method in different geographical locations found it either 
over or under estimated the PMI [22-24]. Studies have yet to validate the method in 
Western Australia, a State that, in summer, has attained maximum temperatures as high 
as 50.5 degrees Celsius [25]. Similar algorithm-based techniques have been reported in 
the literature [6, 7], however, they have also proved unsuccessful in estimating PMI 
across different geographic regions [26]. 
In contrast, studies that have used biochemical approaches have relied upon more robust 
parameters to assess the rate of decomposition with encouraging results [15, 27-33]. It is 
suggested that of the biochemical techniques used to estimate the PMI, measurement of 
the rate and extent of protein degradation is a promising approach [31-33]. Pittner et al. 
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demonstrated that the degradation of several skeletal muscle proteins occurred with high 
reproducibility and at different time points during the decomposition process, allowing 
for more precise estimations of PMI during the intermediate and late post-mortem stages 
[33]. Our previous work, although taking a different analytical approach, demonstrated 
that blood proteins in decomposition fluid degraded in a regular fashion in the presence 
or absence of insect activity [32]. These studies were conducted under controlled 
conditions in a laboratory-based environment, so the applicability of these findings, 
expressed in ADD, to a field-based forensic setting is yet to be demonstrated.  
This study investigates the impact of temperature on the degradation patterns of proteins 
in mammalian decomposition fluid during the summer and winter months in a Western 
Australian environment. The relationship between ADD and the production of peptides 
is also explored. 
 
4.2.3. Materials and methods 
4.2.3.1. Research facilities 
Decomposition studies were carried out at a bushland site located at Murdoch University, 
Western Australia (-32°03' S, 115°50' E), 16 km south of Perth CBD. Studies were 
conducted using a pre-existing caged structure, to restrict access to the carcasses by larger 
scavengers. The structure also provided shelter from the rain to minimise sample dilution 
and afforded protection from direct sunlight to minimise evaporation (see Appendices 1 
and 2 for field set-up). A data logger (EL-USB-2+) was used to record and monitor 
temperature and humidity every 10 min for the duration of the study; this was suspended 
above the carcasses. The first trial was conducted during summer (January-February 
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2018) and the second in winter/spring (July-November 2018). The study was approved 
by the Murdoch University Animal Ethics Committee (Cadaver approval number: 376). 
 
4.2.3.2. Cadavers 
Domestic pigs (Sus scrofa domesticus) were utilised to model the human decomposition 
process. Domestic pigs are considered to be an appropriate substitute for humans in 
decomposition studies due to their similarity in weight, muscle to fat ratio, hair coverage, 
internal anatomy and gut fauna [34]. Eight adult female pigs (~20 kg) were euthanised by 
bolt gun to the temple 2 h prior to commencing each study.  
 
4.2.3.3. Decomposition trials and observations 
Each carcass was placed on a raised, galvanised metal platform. Openings in the platform 
enabled the fluid to drain away from the body into a plastic collection container to ensure 
that the decomposition process was not influenced by fluid accumulation. The platforms 
on which the carcasses rested remained parallel to the ground to prevent decomposition 
fluid flowing to different areas within the carcass.  
Collection containers were monitored daily. Fluid samples were collected between 0800 
and 0900 for the first two weeks and, thereafter, on every second day until the conclusion 
of each study (when carcasses reached mummification). The fluid was mixed thoroughly 
to ensure that a homogeneous mixture of the accumulated fluid was sampled on each 
monitored day. Five x 2 mL fluid samples were collected from each carcass container 
using a 1 mL plastic pipette and placed in 2 mL graduated microtubes. Samples were 
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stored at -80°C until analysed. Any remaining fluid not sampled was discarded and 
containers were rinsed thoroughly with water before being replaced beneath each carcass.  
Elapsed time was documented in accumulated degree days (ADD) to account for 
fluctuations in temperature [4]. Observations of physical appearance, including skin 
discolouration, bloating and deflation, skin ruptures, hair loss and bone exposure were 
recorded on each sampling day. Photographs were also taken to accompany the 
observations (see Appendices 4–24 and 26–55 for photographs pertaining to cadaver 
decomposition in Summer trial and Winter Trial respectively). The stage of 
decomposition was assessed and evaluated using the Total Body Score (TBS) method 
(see Appendices 25 and 56 for TBS charts pertaining to cadaver decomposition in 
Summer trial and Winter Trial respectively)  developed by Keough et al. [35].  
 
4.2.3.4. Sample preparation and analysis  
The full preparation and analysis of decomposition fluid samples were as described in 
Nolan et al. [32]. Because sufficient decomposition fluid (>2ml) was not always 
generated on a daily basis, samples collected every second day were prepared and 
analysed. Fluid samples were diluted, filtered and loaded onto a Vivaspin 2 10,000 
MWCO filter (Sartorius, Australia); this ensured that not only larger peptides were 
removed from the sample, but bacteria and enzymes responsible for peptide degradation 
were also eliminated. Samples were centrifuged for a minimum of 60 min and thereafter 
in 30-min increments until the volume of retentate was ~100 µL. The filtrate was then 
loaded onto a pre-conditioned Strata-X 33 µm Polymeric Reverse Phase, 60 mg/3 mL 
column (Phenomenex, Australia), washed and eluted. The sample was then evaporated to 
dryness and stored at -80°C until analysed. The sample was reconstituted and analysed 
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using a Shimadzu Prominence nano HPLC system (Shimadzu) coupled to a 5600 
TripleTOF mass spectrometer (Sciex). Peptides were loaded onto an Agilent Zorbax 
300SB-C18, 3.5 µm, 0.075 x 150mm column (Agilent Technologies) and separated using 
a 40 min linear gradient of water/acetonitrile/0.1% formic acid at a flow rate of 300 
nL/min. Peptides were eluted through a nanospray interface into a 5600 TripleTOF mass 
spectrometer (Sciex). Spectral data was analysed using ProteinPilotTM 5.0 Software 
(Sciex) against the UniProt Sus scrofa database. 
 
4.2.3.5. Data analysis 
Peptide data were analysed using the VennDiagram package [36] in RStudio version 3.5.1 
[37]. Peptide sequences were aligned using Geneious (v11.1.5), with the following 
alignment settings: Alignment type = Global alignment with free end gaps, Cost Matrix 
= Blosum90, Gap open penalty = 22, Gap extension penalty = 3, Refinement iterations = 
2 [38]. 
 
4.2.4. Results and discussion 
4.2.4.1. Decomposition fluid analysis 
4.2.4.1.1. Summer trial 
Decomposition fluid was collected, when available, from the eight domestic pig cadavers 
during a three-week monitored period. Average daily temperatures ranged from 20.75–
27.5 degrees Celsius, with a maximum of 36.5 degrees and a minimum of 15.5 degrees 
recorded during the monitored period. At the conclusion of the trial, cadavers exhibited 
mummification of the head, neck, trunk and limbs; skin was brown and leathery in 
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appearance and was adhering to the bone. An average total body score of 24 was recorded, 
corresponding to the stage of advanced decomposition [35]. Fluid was collected from 
cadavers 1, 3, 7 and 8 until day 7 (ADD 175), from cadavers 2 and 5 until day 9 (ADD 
218), and cadavers 4 and 6 until day 10 (ADD 240). Analysis of the samples revealed the 
presence of numerous peptides in the decomposition fluid from each cadaver throughout 
the trial period. Strong correlations were found between ADD and total peptide counts 
(r= -0.89), as well as the presence of peptides and the presence of the proteins from which 
they were derived (r= 0.94) (Figure 4.2.1.).  
 
 
Figure 4.2.1. Mean number of proteins (histograms) and peptides (line) (>95% CI) detected in decomposition fluid 
samples collected from Cadavers 1–8 on analysis days 2–10 (ADD 49–240) in Summer trial (n=8, 4 and 2 for days 1–7, 
8–9 and day 10 respectively). Figure depicts correlations between ADD and total peptide counts in addition to total number 
of peptides and total number of proteins from which they were derived.  
 
 
4.2.4.1.2. Winter trial 
Decomposition fluid was collected, when available, from eight domestic pig cadavers 
during a sixteen-week monitored period. Average daily temperatures ranged from 8.4–





















































recorded during the monitoring period. At the conclusion of the trial, cadavers exhibited 
mummification of the head, neck, trunk and limbs. Skin was black-brown in appearance 
and dry to the touch (hair was still present). A small amount of bone exposure was seen 
in the face and limbs. An average total body score of 24 was recorded. Fluid was collected 
from cadaver 7 until day 22 (ADD 274), cadaver 2 until day 26 (ADD 327), cadavers 1, 
3 and 5 until day 30 (ADD 385), cadaver 6 until day 32 (ADD 406), and cadavers 4 and 
8 until day 34 (ADD 429). As with the summer trial, analysis of the samples revealed the 
presence of numerous peptides in the decomposition fluid from each cadaver throughout 
the trial period. Again, a strong correlation was observed between the peptides present 
and the presence of the specific proteins from which they were derived (r= 0.84). No clear 
correlations were found between ADD and total peptide counts (r= 0.22) (Figure 4.4.2.). 
Throughout the trial, decomposition fluid samples recovered from cadavers 4, 5 and 6 
were heavily diluted by rain due to cadaver positioning within the caged structure. These 







Figure 4.2.2. Mean number of proteins (histograms) and peptides (line) (>95% CI) detected in decomposition fluid 
samples collected from Cadavers 1, 2, 3, 7 and 8 on analysis days 6–34 (ADD 84–429) in Winter trial (n=7, 7, 6, 3 and 2 
for days 1–22, 23–26, 27–30, 31–32 and 33–34 respectively).. Figure depicts correlations between ADD and total peptide 
counts in addition to total number of peptides and total number of proteins from which they were derived. 
 
4.2.4.2. Proteins 
Proteins were classed as being present if they were identified more than 50% of the time 
over the course of each trial period (10 and 34 days for summer and winter, respectively) 
[39]. In both trials two proteins were present in all decomposition fluid samples, 
haemoglobin subunit alpha and haemoglobin subunit beta. Further investigation of the 
winter data set, focusing on proteins present ≥ 50% of the time across the trial period or 
present in 3 out of 5 sample days, an additional four proteins, beta-enolase, creatine 
kinase, L-lactate dehydrogenase and troponin C2, were identified (Table 4.2.1.). Due to 
the small data set generated by the summer trial, additional proteins, such as these, were 
not apparent.  
Of the six proteins identified across both trials, five were detected in our previous study 


















































and haemoglobin subunit beta. None of these proteins correspond with the findings of 
Pittner et al. [31, 33] (Figure 4.2.3.).  
 
 
Figure 4.2.3. Venn diagram reporting total proteins of interest in relation to the determination of PMI as reported by Pittner 
et al. [31, 33], Nolan et al. [32], and this study (Summer and Winter). 
 
 
4.2.4.3. Targeted peptides 
4.2.4.3.1. Mean peptide chain length 
Correlation between chain length and days post-mortem was most apparent for peptides 
originating from haemoglobin subunit alpha (r= 0.91 and 0.69 for summer and winter, 
respectively). As time progressed, trends towards shorter peptides were apparent (Figures 
4.2.4a. and 4.2.5a.), in agreement with our previous findings [32]. In contrast, for troponin 
C2 a trend towards larger peptides was observed as time progressed (r= 0.84), however 
the relative standard deviations for the calculated means were large (21.2%) (Figure 
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4.2.5f.). Studies have shown that troponin is highly susceptible to proteolysis and is 
considered to be one of the most specific and sensitive markers for myocardial death [40, 
41]. Typically, the hydrolysis of troponin yields small peptides as cardiac death occurs 
[40], however this is not evident within the current study and is regarded as an anomolous 
finding. It is possible that the small sample size for troponin C2 in this study, adversely 
affected the results obtained. If a larger sample size had been available, results may have 
been similar to those previously published. Because of this anomoly, troponin C2 was not 
considered further in the current study but its suitability as a marker for PMI estimation 
will be the subject of future investigations. Correlations between peptide chain length and 
time were less apparent for the remaining proteins (Figures 4.2.4b–d. and 4.2.5b–e.) and 
again similar to those previously reported [32]. It is reasonable to assume, however, that 
average chain length is indicative of the extent of the degradative process occuring in the 
parent protein. For haemoglobin subunit alpha, it appears that degradation is still 
occurring and, as a consequence, the average chain length continues to decrease with each 
sampling interval. For the other proteins, the lesser correlation between time and peptide 
chain length could indicate that degradation of the protein in question has ceased. 
However, if a protein is susceptible to degradation, a correlation between time and 
decreasing peptide chain length should still be evident in the initial stages of its 
hydrolysis. Proteins in this study for which the peptide chain lengths remained relatively 
constant and, hence, were poorly correlated with time, are not considered to be useful 






Figure 4.2.4. Average chain length of peptides associated with (a) haemoglobin subunit alpha, (b) haemoglobin subunit 
beta, (c) beta-enolase, and (d) creatine kinase. Samples collected from Cadavers 1, 2, 3, 4, 5, 6, 7 and 8 on analysis days 





Figure 4.2.5. Average chain length of peptides associated with (a) haemoglobin subunit alpha, (b) haemoglobin subunit 
beta, (c) beta-enolase, (d) creatine kinase, (e) L-lactate dehydrogenase, and (f) troponin C2. Samples collected from 
Cadavers 1, 2, 3, 7 and 8 on analysis days 6–34 (ADD 84–429) in winter. 
 
 
4.2.4.3.2. Peptide mapping 
Peptide sequences were mapped against reference sequences for haemoglobin subunit 
alpha (XP_020942625) [42], haemoglobin subunit beta (NP_001138313) [43], beta-
enolase (NP_001037992) [44] and creatine kinase (NP_00112342) [45] to identify the 
average degradative patterns on each sample day. Degradation patterns for haemoglobin 
subunit alpha and haemoglobin subunit beta were consistent with those previously 
reported [32]. Peptides generated from haemoglobin subunit alpha were derived, 
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progressively, from the amino terminal end to the carboxy terminal end of the protein as 
time progressed (Figure 4.2.6a–g.). The most abundant peptides generated in the winter 
trial on day 6 (ADD 84) were derived from residues 4–25 (Figure 4.2.6a.). However, in 
contrast to our previous study, the number of peptides derived from this region remained 
fairly constant as the trial progressed (Figure 4.2.6a–d.). Peptides derived from residues 
60–80 on days 14–30 (ADD 182–385) were also prominent (Figure 4.2.6b–d.), but less 
so than in our previous study [32]. An additional region, not previously reported, from 
which peptides were derived, involved residues 110–120 on days 22–30 (ADD 234–385) 
(Figure 4.2.6c–d.). A comparison of the summer and winter trials revealed that peak 
abundancies were consistent between the two seasons (Figure 4.2.6.). The number of 
peptides derived from residues 4–25 was consistent throughout the trial, as were peptides 
derived from residues 60–80 (Figure 4.2.6e–f.). However, peptides derived from residues 
110–120 were more abundant in summer than in winter (Figure 4.2.6.). It is important to 
note that the degradation patterns for haemoglobin subunit alpha in summer and winter 
were similar when expressed in ADD to allow differences in temperature to be accounted 
for. Peak shapes do differ due to the differences in sample size between the two trials, 
however, the general trends observed are similar. This suggests that the degradative 







Figure 4.2.6. Mean degradative patterns for haemoglobin subunit alpha. Peptides were detected in decomposition fluid 
samples collected from Cadavers 1, 2, 3, 7, and 8 on analysis days (a) 6 (ADD 84), (b) 14 (ADD 182), (c) 22 (ADD 234), 
and (d) 30 (ADD 385) in winter and Cadavers 1, 2, 3, 4, 5, 6, 7, and 8 on analysis days (e) 2 (ADD 49), (f) 6 (ADD 152), 
and (g) 10 (ADD 240) in summer. 
 
 
In agreement with previous findings [32], haemoglobin subunit beta displayed a 
consistent degradative pattern throughout each trial (Figure 4.2.7a–f.). The most abundant 
peptides were derived from residues 15–35 on days 6–30 (ADD 84–385) (Figure 4.2.7a–
d.) in winter and on days 2–6 (ADD 49–152) (Figure 4.2.7e–f.) in summer. Abundant 
peptides were also generated from residues 45–65 on days 14–30 (ADD 182–385) (Figure 
4.2.7b–d.) in winter and on days 2–6 (ADD 49–152) (Figure 4.2.7e–f.) in summer. As 
with haemoglobin subunit alpha, when comparing data based on ADD, only minimal 
differences in degradation patterns were observed between summer and winter. This is a 
further indication that the degradative process remains consistent over time.  
 
 
Figure 4.2.7. Mean degradative patterns for haemoglobin subunit beta. Peptides were detected in decomposition fluid 
samples collected from Cadavers 1, 2, 3, 7, and 8 on analysis days (a) 6 (ADD 84), (b) 14 (ADD 182), (c) 22 (ADD 234), 
and (d) 30 (ADD 385) in winter and Cadavers 1, 2, 3, 4, 5, 6, 7, and 8 on analysis days (e) 2 (ADD 49) and (f) 6 (ADD 





Degradation patterns for creatine kinase and beta-enolse have yet to be reported in the 
literature. Our previous findings suggested that the degradative patterns for these proteins 
were inconsistent when replicates were compared directly [32]. However, when peptide 
content was averaged in the current study, breakdown patterns were found to be uniform 
between both summer and winter. The most abundant peptides generated from creatine 
kinase degradation were derived from residues 50–65 on days 14–30 (ADD 182–385), 
and from residues 15–30, 80–130, and 370–380 from day 22 (ADD 234) onwards in 
winter (Figures 4.2.8a–c.). Though the summer trial yielded variable results, the most 
abundant peptides were still consistent with those detected in winter. The most abundant 
peptides were derived from residues 50–65 on days 2–6 (ADD 49–152); from residues 
80–100 on days 2–10 (ADD 49–240) and from residues 370–380 from day 6 (ADD 152) 
onwards. Peptides generated from the degradation of beta-enolase displayed just one 
abundance peak, which was consistent between summer and winter. These peptides were 
derived from residues 310–330 on days 14–30 (ADD 182–385) in winter and on days 2–
10 (ADD 49–240) in summer (Figure 4.2.9a–f.).  
 
 
Figure 4.2.8. Mean degradative patterns for creatine kinase. Peptides were detected in decomposition fluid samples 
collected from Cadavers 1, 2, 3, 7, and 8 on analysis days (a) 14 (ADD 182), (b) 22 (ADD 234), and (c) 30 (ADD 385) in 







Figure 4.2.9. Mean degradative patterns for beta-enolase. Peptides were detected in decomposition fluid samples collected 
from Cadavers 1, 2, 3, 7, and 8 on analysis days (a) 14 (ADD 182), (b) 22 (ADD 234), and (c) 30 (ADD 385) in winter 
and Cadavers 1, 2, 3, 4, 5, 6, 7, and 8 on analysis days (d) 2 (ADD 49), (e) 6 (ADD 152), and (f) 10 (ADD 240) in summer. 
 
 
When the temperature differential between summer and winter is taken into account by 
comparing data based on ADD, the peptides associated with haemoglobin subunits alpha 
and beta, creatine kinase, and beta-enolase are consistent. These results are in agreement 
with our previous findings derived from decomposition trials conducted under controlled 
conditions [32]. The finding that protein-specific peptides are produced at different time-
points of the decomposition process suggests that the use of protein biomarkers in 
estimating the post-mortem interval may be more applicable than previously reported. 
Pittner et al. identified several protein products (not found in this study) which appeared 
to have potential for estimating PMI for up to 10 days post-mortem [31, 33]. However, 
the current study has detected potential marker peptides in decomposition fluid well 
beyond this timeframe and this may assist in the estimation of time since death in both 
the early and later post-mortem stages.  
The consistent identification of peptides derived from haemoglobin subunits alpha and 
beta, creatine kinase and beta-enolase appear to be significant in this regard. As in our 
previous work [32], proteins and peptides were classified as being present if, when 
averaged on each sampling day, they were identified more than 50% of the time during 
the course of each trial period. A combined total of 47 peptides were classed as being 
present in summer, and 95 peptides in winter. Of the 142 peptides detected in both trials, 




Figure 4.2.10. Venn diagram reporting common peptides present (detected =/> 50% of the time across trial period) as 
recorded by Nolan et al. [32], and in this study (Summer and Winter). 
 
 
In the current trials, 22 peptides originated from haemoglobin subunit beta, 1 from 
haemoglobin subunit alpha, 4 from beta-enolase, and 2 from creatine kinase (Table 
4.2.1.). When cross-referenced against previous findings, 13 peptides occurred 
consistently, regardless of trial conditions (Figure 4.2.10.). This commonality together 
with the identification of peptides generated from those regions of the protein most 
susceptible to hydrolysis, reinforces the view that characterisation of peptides generated 






Table 4.2.1. Identification of the 37 peptides found to be common in decomposition fluid samples collected in summer 
and winter. Peptides marked with an * were previously reported by Nolan et al (2019). 
Protein Peptide sequence 








































Decomposition fluid is an abundant resource after death and although it is a complex 
matrix, analysis of its protein and peptide content has potential for estimating the post-
mortem interval. The consistent identification of several protein-specific peptides 
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generated during decomposition trials conducted under different temperature regimes 
suggests that this approach may be useful in estimating time since death for post-mortem 
periods of varying length. When temperature was accounted for (when expressed in 
ADD), degradation patterns for the targeted proteins remained consistent between 
summer and winter trials. Further research is now underway to quantify the peptides 
identified in this study to further evaluate their usefulness in the estimation of post-
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Chapter Five – A semi-quantitative 
peptide analysis of decomposition 




This chapter reports the results of a semi-quantitative peptide analysis of decomposition 
fluid from two field-based decomposition studies. The chapter consists of one published 
manuscript entitled ‘Peptide analysis of mammalian decomposition fluid in relation to the 
post-mortem interval’ [Forensic Science International 2020, 311:110269]. 
 
Chapter Four outlined results derived from two field-based decomposition studies which 
investigated the impact of temperature on the peptide profile of decomposition fluid. The 
consistent identification of several protein-specific peptides generated during 
decomposition trials conducted under different temperature and rainfall regimes 
suggested that peptide analysis may be a valuable indicator of time since death. In this 
chapter, the results of a targeted, semi-quantitative analysis of these peptides in 
decomposition fluid is described and an evaluation is made of their potential for 
estimating the post-mortem interval. It was found that several of the targeted peptides 
contributed, significantly, to the differences in mean peak area observed between samples 
collected during the early and later phases of the decomposition process. As there 
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appeared to be a correlation between the mean peak area of specific peptides and time 
since death, quantification of such peptides generated during decomposition has potential 
to assist in the estimation of the post-mortem interval. 
 
With the exception of minor editorial changes to accommodate a thesis format, Section 
5.2 reproduces the following article, which can be found in its original published form in 
Appendix 61: 
Nolan, A.N., Maker, G., Mead, R.J., Bringans, S., Speers, S.J. Peptide analysis of 
mammalian decomposition fluid in relation to the post-mortem interval. Forensic 
Science International. 2020; 311:110269 (see Appendix 61). 
 
5.1.1. Statement of contribution 
My role, as first author in this manuscript (5.2.), was to collect and prepare the samples, 
conduct all laboratory work and data analyses, and to write the first and final drafts of the 
manuscript. Mass spectrometry analyses were performed with the assistance of Dr. Scott 
Bringans at the Western Australian Proteomics Facility, at the Harry Perkins Institute of 
Medical Research. My other co-authors performed various roles of support and 






5.2. Peptide analysis of mammalian decomposition fluid 
in relation to the post-mortem interval 
 
Ashley-N’Dene Nolana, Garth Makera, Robert J. Meada, Scott Bringansb, Samuel J 
Speersa 
aMedical, Molecular and Forensic Sciences, Murdoch University Western Australia, 
Australia 6150 




We report the results of a semi-quantitative peptide analysis of decomposition fluid under 
field-based conditions in the absence of a soil matrix. Sixteen domestic pig (Sus scrofa 
domesticus) cadavers were used to model human decomposition in trials conducted in the 
summer and winter months in Western Australia. Physical characteristics were recorded 
and targeted peptide components of decomposition fluid were analysed using high 
performance liquid chromatography-triple quadrupole mass spectrometry. Principal 
component analysis identified 29 peptides, originating from haemoglobin subunits alpha 
and beta, creatine kinase, beta-enolase and lactate dehydrogenase, that contributed to 
differences in the mean peak areas of samples collected during the early period of 
decomposition (days 6–12 and day 2 in winter and summer, respectively) and during the 
later period (days 24–34 and days 8–10 in winter and summer, respectively). Fold changes 
for 8 peptides between these periods were significantly different. Three peptides derived 
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from haemoglobin subunit beta, one from beta-enolase and two from lactate 
dehydrogenase displayed consistent trends, in that a notable increase in mean peak area 
was followed by a marked decrease in both the summer and winter samples. When 
temperature was accounted for, these trends occurred at different time points in summer 
and winter, indicating that factors other than temperature had impacted the rate of 
degradation of the proteins involved. The single peptides derived from haemoglobin 
subunit alpha and creatine kinase displayed consistent increases in mean peak area for the 
summer samples, suggesting that temperature played the most significant role in their 
degradation. Further analyses revealed that 7 peptides (one originating from haemoglobin 
subunit alpha, three from haemoglobin subunit beta and three from lactate 
dehydrogenase) displayed consistent trends that could be correlated with total body score 
and with the early stages of decomposition. The consistent trends (mean peak area versus 
time) for peptides derived from several proteins during decomposition trials conducted 
under different temperature regimes further emphasised the potential of peptide analysis 
in time since death estimation. 
 
5.2.2. Introduction 
Estimating time since death, or post-mortem interval (PMI), is fundamental in forensic 
investigations when reconstructing events surrounding suspicious deaths. An accurate 
PMI estimation can contribute significantly to such investigations by establishing a 
timeframe to which efforts and resources can be directed [1]. The decomposition process 
is highly variable and complex, making the determination of time since death difficult to 
estimate. Factors such as temperature [1-3], humidity and rainfall [4, 5], trauma [6], insect 
activity [7, 8], body size [9] and clothing [7] are all known to impact decomposition. 
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Current methods to estimate PMI include visualisation of macroscopic changes [2, 10-
12], forensic entomology [13, 14] and morphoscopic changes [7, 15]; methods that are 
not without limitations. More recently, investigations into the biochemical products 
produced during decomposition have been undertaken. In contrast to more traditional 
methods, using biochemical biomarkers eliminates the potential for examiner bias. 
Additionally, biomarkers are known to remain biologically active and detectable for 
extended periods of time, making them suitable for PMI estimations [16-20]. Although 
the majority of techniques explored have displayed encouraging results, their current 
application to PMI estimations is limited [16-25].  
However, it is suggested that of the current biochemical approaches investigated, 
measurement of the rate and extent of protein degradation is a promising candidate [16-
18, 24, 26, 27]. Pittner et al. demonstrated that the degradation of several skeletal muscle 
proteins occurred at different time points during the decomposition process, allowing for 
more precise estimations of PMI during the intermediate and late post-mortem stages 
[24]. Although promising, these studies were limited by the proteomic techniques applied 
and by the use of muscle tissue, restricting estimations of time since death to 10 days 
post-mortem [16, 24]. In contrast, Procopio et al. used LC-MS/MS analysis to identify 
several protein biomarkers in bone samples collected over a six-month period. The 
proteins identified were found to correlate with PMI in that they decreased in 
concentration in bone as time progressed [26, 27].  
In previous studies, we have also highlighted the potential of peptide biomarkers for use 
in PMI estimation [17, 18]. In both studies we utilised high performance liquid 
chromatography-time of flight mass spectrometry to analyse the peptide profile of 
decomposition fluid samples collected from trials conducted under different temperature 
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regimes. Our preliminary study, conducted under laboratory-based conditions, identified 
27 peptides that were consistently generated throughout the decomposition process. 
These peptides were derived from haemoglobin subunits alpha and beta, beta-enolase, 
creatine kinase and pyruvate kinase. In addition to this, the peptides associated with the 
haemoglobin subunits displayed breakdown patterns that remained consistent across 
multiple replicates [17]. Following these findings, a second study investigating the impact 
of environmental factors on the peptide profile of decomposition fluid was undertaken. 
In this study, 37 peptides were consistently detected in both the summer and winter trials; 
22 originating from haemoglobin subunit beta, 1 from haemoglobin subunit alpha, 4 from 
beta-enolase, and 2 from creatine kinase. Most importantly, 13 of these peptides were 
consistently detected in all trials, regardless of trial conditions. In addition, the 
degradation patterns for haemoglobin subunits alpha and beta were not only consistent 
with those found in the preliminary study, but were similar when expressed in 
accumulated degree days (ADD) in the summer and winter trials [18]. The consistent 
identification of these protein-specific peptides during decomposition trials conducted 
under different temperature and rainfall regimes, suggests that peptide analysis could be 
a valuable indicator of time since death. This study applies a semi-quantitative approach 
to further evaluate the efficacy of the protein-specific peptides identified in our previous 
work. 
 
5.2.3. Materials and methods 
5.2.3.1. Experimental design 
The full details of the experimental protocols were as described in Nolan et al. (2019) 
[18]. Decomposition studies were carried out at a bushland site located at Murdoch 
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University, Western Australia. Studies were conducted within a pre-existing enclosed 
caged structure, to restrict access to the carcasses by vertebrate scavengers. The structure 
also provided shelter from the rain to minimise sample dilution and afforded protection 
from direct sunlight so as to minimise evaporation. It is important to note that cages were 
not fully enclosed so as to avoid the generation of a microclimate (see Appendix 1 and 2 
for field set-up). A data logger (EL-USB-2+) was used to record and monitor temperature 
and humidity every 10 min for the duration of the study; this was suspended above the 
carcasses and measured humidity and ambient temperature. Trials concluded when 
carcasses reached complete mummification (inclusive of internal organs and skin).  
Domestic pigs (Sus scrofa domesticus) were used to model the decomposition process. 
Eight sub-adult female pigs (mean weight 19.65 ± 2.16kg) were euthanised by bolt gun 
to the temple 2 h prior to commencing each study. The study was approved by the 
Murdoch University Animal Ethics Committee (Cadaver approval number: 376).   
Each carcass was placed on a raised, galvanised metal platform, exposed to insect activity. 
Openings in the platform enabled the fluid to drain away from the body into a plastic 
collection container. These containers were monitored daily and fluid samples were 
collected, when available, between 0800 and 0900 for the first two weeks and, thereafter, 
on every second day until the conclusion of each study (mummification stage). Five x 2 
mL fluid samples were collected from each container and stored at -80°C until analysed. 
Any remaining fluid not sampled was discarded and the containers were rinsed 
thoroughly with water before being replaced beneath each carcass.  
Elapsed time was calculated in accumulated degree days (ADD) to account for 
fluctuations in temperature [15]. Observations of physical appearance, including skin 
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discolouration, bloating and deflation, skin ruptures, hair loss and bone exposure were 
recorded on each sampling day and were documented, photographically. The stage of 
decomposition was assessed and evaluated using the Total Body Score (TBS) method 
developed by Keough et al. (2017) [28].  
 
5.2.3.2. Sample preparation and analysis  
Prior to preparation, the protein concentration of each crude sample was determined using 
the Nanodrop One method (Thermo Fisher Scientific) by measuring the absorbance of 
each at 260 and 280 nm. Preparation of the samples for peptide analysis was as described 
in Nolan et al. (2019) [17]. Because sufficient decomposition fluid (>2ml) was not always 
generated on a daily basis, samples collected every second day were analysed.  
Samples for Multiple Reaction Monitoring (MRM) were loaded onto an Eksigent 
ChromXP  C18 column, 3 m particle, 120 Å pore size x 50 mm (AB Sciex) and separated 
using a linear gradient of 10 – 40% acetonitrile in 0.1% (v/v) formic acid at 5 L/min 
over a 20-min runtime on a Prominence HPLC (Shimadzu) coupled to a 5500 Q-TRAP 
mass spectrometer (AB Sciex). MRM transitions for peptides were created based on the 
initial discovery data described in Nolan et al. (2019) [23]. There were 36 peptides 
derived from 6 proteins with a total of 110 scheduled transitions (90 s window). A list of 
the MRM transitions with collision energies can be found in Appendix 57. 
 
5.2.3.3. Data processing and statistical analysis 
Analysis of MRM data was performed using Skyline (v19.1 MacCoss Lab Software) [29]. 
Manual inspection of peaks was carried out to reduce the likelihood of peaks being 
113 
 
misallocated thus generating false positives. Identification of MRM peaks was achieved 
by comparing MS and retention times with reference compounds detected in our previous 
study [18]. Peak areas were normalised by correcting for the variable protein 
concentration of original samples using Microsoft Excel 2019 (v1907). 
Multivariate analysis was performed, by importing the data into The Unscrambler X 
(v10.3, CAMO, Oslo Norway). Spectral data were log transformed and mean centred. 
Principal component analysis (PCA) was performed using the NIPALS algorithm in order 
to visualise and interpret spectral groupings present. The peptides that contributed most 
substantially to the variance observed between early and later post-mortem samples were 
identified from the X-loadings data. Two-sample t-tests assuming unequal variances were 
used to determine the significance of mean peak area in early and later decomposition 
fluid samples. Differences in mean peak area were regarded as statistically significant if 
P < 0.05. Fold changes in mean peak area were calculated using normalised peak areas. 
 
5.2.4. Results and discussion 
5.2.4.1. Trial observations 
5.2.4.1.1. Summer trial  
The first trial was performed during summer (January-February 2018). The mean daily 
temperature recorded over the entire collection period was 23.67 ± 5.07°C. Average daily 
temperatures ranged from 20.75–27.50°C, with a maximum of 36.50 and a minimum of 
15.50°C recorded during the monitoring period. An overall relative humidity of 56.98 ± 
16.24% was recorded, with average daily humidity ranging from 37.83–71.75% (Figure 
5.2.1.). At the conclusion of the trial, cadavers exhibited mummification of the head, 
neck, trunk and limbs; skin was brown and leathery in appearance and was adhered to the 
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bone. An average total body score of 24 was recorded [28]. Decomposition fluid was 
collected, when available, from the eight domestic pig cadavers. Fluid was collected from 
cadavers 1, 3, 7 and 8 until day 7 (ADD 175), from cadavers 2 and 5 until day 9 (ADD 
218), and cadavers 4 and 6 until day 10 (ADD 240). 
 
  
Figure 5.2.1. Mean daily temperatures (squares), mean daily relative humidity (diamonds) and daily rainfall (triangles) 
recoded in summer trial.  
 
 
5.2.4.1.2. Winter trial 
The second trial was conducted in winter/spring (July-November 2018). The mean daily 
temperature over the entire collection period was 12.61 ± 4.83°C. Average daily 
temperatures ranged from 8.40–19.58°C, with a maximum of 29.00 and a minimum of 
3.00°C recorded during the monitoring period. The overall relative humidity was 83.92 ± 
15.91% , with average daily humidity ranging from 57.88–94.12%. A total of 179mm of 
rain was registered during the monitoring period (Figure 5.2.2.). At the conclusion of the 
trial, cadavers exhibited mummification of the head, neck, trunk and limbs. Skin was 
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black, brown in appearance and dry to the touch (hair was still present). A small amount 
of bone exposure was seen in the face and limbs. An average total body score of 24 was 
recorded [28]. Decomposition fluid was collected, when available, from eight domestic 
pig cadavers. Fluid was collected from cadaver 7 until day 22 (ADD 274), cadaver 2 until 
day 26 (ADD 327), cadavers 1, 3 and 5 until day 30 (ADD 385), cadaver 6 until day 32 
(ADD 406), and cadavers 4 and 8 until day 34 (ADD 429). Throughout the trial, 
decomposition fluid samples recovered from cadavers 4, 5 and 6 were heavily diluted by 
rain due to cadaver positioning within the caged structure. All samples collected from 
these cadavers, were therefore excluded from any analyses. 
 
  
Figure 5.2.2. Mean daily temperatures (squares), mean daily relative humidity (diamonds) and daily rainfall (triangles) 
recorded in winter trial.  
 
5.2.4.2. Targeted peptides 
Our previous studies identified several protein-specific peptides that exhibited potential 
in estimating the post-mortem interval. Twenty-five peptides were selected for 
quantification based on their consistent identification in decomposition trials conducted 
under different temperature regimes [17, 18]. This commonality, together with the 
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identification of peptides that appeared at later periods of the decomposition process, 
resulted in an additional 9 peptides being selected for analysis (Table 5.2.1.) [18]. 
 
Table 5.2.1. Peptides selected for data processing and statistical analysis based on detection in previous studies [17, 18]. 
Protein Peptide sequence 



































5.2.4.3. Principal component analysis 
Prior to principal component analysis, samples were assigned to one of three groups: 
early, intermediate and late as defined in Table 5.2.2. Samples were assigned to the groups 
so as to align with the stages of decomposition described by Keough et al. [28]. The early 
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group, corresponded to the initial period of the “early decomposition“ stage (mean TBS 
= < 10); the intermediate group aligned with the concluding period of the “early 
decomposition” stage (mean TBS = 10–16 ), while the late group equated to the 
“advanced decomposition” stage (mean TBS = 20+) as defined by these authors [28]. 
 
Table 5.2.2. Number of samples assigned to principal component analysis groups early, intermediate and late.  
Trial Group assigned Days 
collected 
No. of samples 
Winter Early 6–12 16 
 Intermediate 14–22 15 
 Late 24–34 12 
Summer Early 2 8 
 Intermediate 4–6 16 
 Late 8–10 5 
 
5.2.4.3.1. Winter trial 
Principal component analysis of mean peak areas of peptides that were consistently 
identified in the winter trial showed a clear distinction between samples collected on days 
6–12 and days 24–34, with 48% of the variance between the two groups explained by PC-
1 (Figure 5.2.3.). Of the thirty-five peptides targeted, twenty-two peptides, identified by 
PCA loadings (X-loading > 0.1), were found to be the major contributors to the variance 
observed between days 6–12 and days 24–34. The fold change in mean peak area for each 
of these peptides between the samples collected in the early (days 6–12) and later (days 
24–34) periods of the trial is shown in Table 5.2.3. Fold change for a further 2 peptides 




Figure 5.2.3. Scores plot from principal component analysis of winter samples collected on days 6–12 (squares) (n = 16) 





















Table 5.2.3. Fold change in mean peak area of peptides from samples collected in the early (days 6–12) and later (days 
24–34) periods of the winter trial. + indicates a fold increase in mean peak area between samples collected on days 6–12 
and days 24–34; - indicates a decrease. Significantly different mean peak areas between early (days 6–12) and later (days 
24–34) sampling periods are shown by *P < 0.05 and **P < 0.01. ∆ indicates the absence of a peptide in samples collected 
on days 6–12 or days 24–34, and as a consequence, fold change could not be calculated. 
Protein Peptide  Fold Change 
Haemoglobin subunit alpha GHLDDLPGAL - 1.482241712 
 VGGQAGAHGAEALERM - 1.795032199 
Haemoglobin subunit beta ESFGDLSNADAVMGNPK + 13.35789474* 
 ESFGDLSNADAVMGNPKVK + 2.079155673 
 FGDLSNADAVMGNPK + 4.561967879* 
 FGDLSNADAVMGNPKVK - 1.238440617 
 GDLSNADAVMGNPKVK + 2.714383328* 
 GKVNVDEVGGEALGRL + 2.431852523 
 KVNVDEVGGEALGRL - 2.472369743 
 SFGDLSNADAVMGNPK + 6.68976558 
Creatine kinase DLFDPIIQDR + 2.202801927 
 KDLFDPIIQDR + 109.3984772* 
Beta-enolase IVGDDLTVTNPK + 1.128819187 
 IVGDDLTVTNPKR  ∆ 
 SGVNIQIVGDDLTVTNPKR  ∆ 
 IQIVGDDLTVTNPK + 1.099010521 
Lactate dehydrogenase ATLKDQLIHNL - 4.473205458 
 ATLKDQLIH - 1.661601101 
 DLQHGSLF + 14.11788618* 
 ILGQNGISDVVKV + 142.7222222** 
 KVTLTPEEEAHLKK - 1.385890895 
 NLHPELGTDADKEHWK + 1.651329243** 
 
Of the 22 peptides analysed, 7 were found to be significantly different in mean peak area 
between samples collected on days 6–12 and days 24–34. Peptides derived from 
haemoglobin subunit beta showed significant increases (all p < 0.05) of 13.3-, 4.6- and 
2.7-fold for ESFGDLSNADAVMGNPK, FGDLSNADAVMGNPK and 
GDLSNADAVMGNPKVK, respectively. A 109.4-fold increase (p < 0.05) was also 
observed for KDLFDPIIQDR, a peptide derived from creatine kinase. Peptides derived 
from lactate dehydrogenase also displayed significant increases. These included 
DLQHGSLF (14.1-fold, p < 0.05), ILGQNGISDVVKV (142.7-fold, p < 0.01) and 
NLHPELGTDADKEHWK (1.7-fold, p < 0.01). PCA loadings suggest that these 7 
120 
 
peptides were largely responsible for the separation observed between the decomposition 
samples collected on days 6–12 and days 24–34.  
Principal component analysis of mean peak areas of the peptides consistently identified 
in the winter trial did not show a clear trend over the duration of the trial (Figure S 5.2.1.). 
This may have been due to the small sample size used and future studies, employing larger 
numbers, should be conducted to investigate this further. Because no overall trend was 
apparent, no further analyses of samples collected between days 12 and 24 were 
undertaken. 
Due to the larger data set, samples collected during the winter trial could be used to 
determine if a clear distinction existed between the peptides produced in samples 
collected on days 6–12 and days 24–34 of the decomposition trial. As decomposition 
occurs at a much slower rate in the winter months, it was possible to conduct a more 
thorough interpretation of the data over a longer time-frame than in summer. Due to the 
promising results derived from the analysis of the winter data, the summer data was 
subsequently analysed, taking into account its compressed timeframe.                  
 
5.2.4.3.2. Summer trial 
Principal component analysis of mean peak areas of peptides from the summer trial 
samples showed a difference between samples collected on day 2 and days 8–10, with 
46% of the variance between the two groups explained by PC-1 (Figure 5.2.4.). Twenty 
peptides identified by PCA loadings (X-loading > 0.1) were found to be largely 
responsible for the variance observed between the samples collected on day 2 and days 




Figure 5.2.4. Scores plot from principal component analysis of summer samples collected on day 2 (squares) (n = 8) and 
on days 8–10 (triangles) (n = 5) periods of decomposition. 
 
 
As with the winter samples, fold changes between samples collected in the early (day 2) 
and later (days 8–10) periods of the trial were compared (Table 5.2.4.). Of the 20 peptides 
analysed, 6 were found to have significant differences in mean peak area, 2 of which were 
also significant in the winter trial. Only one peptide derived from haemoglobin, 
GHLDDLPGAL, showed a significant increase in mean peak area (5.2-fold; p < 0.01). 
Peptide KDLFDPIIQDR, derived from creatine kinase, was found to increase 9.1-fold (p 
< 0.05) between days 2 and 8–10, but this increase was much less than that observed in 
winter (109.4-fold). Peptides derived from beta-enolase displayed significant increases: 
IVGDDLTVTNPK (5.3-fold, p < 0.01); IVGDDLTVTNPKR (7.8-fold, p < 0.05) and 
SGVNIQIVGDDLTVTNPKR (7.7-fold, p < 0.05). In comparison to the winter trial, 
peptide DLQHGSLF, derived from lactate dehydrogenase, displayed a similar significant 
increase in mean peak area, (3.4-fold; p < 0.05). PCA loadings suggest that these 6 
peptides were largely responsible for the separation observed between the samples 
collected on day 2 and days 8–10 in the summer trial. Of the 16 peptides found to be 
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common to the winter and summer trials, 8 displayed the same trend in both winter and 
summer, but only 2 of these peptides changed significantly in concentration in both data 
sets. The incomplete correspondence between summer and winter may reflect the small 
sample size employed and needs to be clarified in future studies using a larger number of 
samples.  
 
Table 5.2.4. Fold change in mean peak area of peptides from samples collected in the early (day 2) and later (days 8–10) 
periods of the summer trial. + indicates a fold increase in mean peak area between samples collected on day 2 and days 8–
10; - indicates a decrease. Significantly different mean peak areas between early (day 2) and later (days 8–10) sampling 
periods are shown by *P < 0.05 and **P < 0.01.  
Protein Peptide  Fold Change 
Haemoglobin subunit alpha AVGHLDDLPGAL + 1.795690385 
 GHLDDLPGAL + 5.174942741** 
 VGHLDDLPGAL + 1.456415593 
Haemoglobin subunit beta ESFGDLSNADAVMGNPKVK - 1.381271993 
 FGDLSNADAVMGNPKVK - 2.48859958 
 GDLSNADAVMGNPKVK - 1.089978418 
 KVNVDEVGGEALGRL + 2.418934269 
 NVDEVGGEALGRL + 1.40636541 
 VNVDEVGGEALGRL - 1.234509192 
Creatine kinase DLFDPIIQDR + 1.484445569 
 KDLFDPIIQDR + 9.137874897* 
Beta-enolase IVGDDLTVTNPK + 5.325244606** 
 IVGDDLTVTNPKR + 7.881081111* 
 SGVNIQIVGDDLTVTNPKR + 7.698466085* 
 IQIVGDDLTVTNPK + 4.297619391 
Lactate dehydrogenase ATLKDQLIH + 1.084943473 
 DLQHGSLF + 3.37286389* 
 ILGQNGISDVVKV + 2.975556742 
 KVTLTPEEEAHLKK + 1.02166067 
 NLHPELGTDADKEHWK + 11.37222941 
 
As was the case for the winter trial, principal component analysis of mean peak areas of 
peptides consistently identified in summer did not show a clear trend over the duration of 
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the trial (Figure S 5.2.2.). Therefore, no further analyses of samples collected between 
days 4 and 6 were undertaken. 
 
5.2.4.4. Analysis of protein-specific peptides and their 
changes in relation to time 
To identify common trends in the summer and winter trials, mean peak areas were 
assessed for the peptides found to contribute, significantly, to the differences observed in 
decomposition samples derived from the early (days 6–12 and day 2 in winter and 
summer respectively) and later periods (days 24–34 and days 8–10 in winter and summer 
respectively). As a semi-quantitative approach was undertaken, comparisons were made 
in relation to (a) the general shape of the trends displayed, and (b) when they occurred 
during the decomposition process.  
  
5.2.4.4.1. Haemoglobin subunits alpha and beta 
In a healthy vertebrate, haemoglobin is contained within the red blood cells and is 
responsible for distributing and storing oxygen. Studies have shown that haemoglobins 
are known to change significantly after death as a result of cell lysis [30]. Due to the lack 
of ATP post-mortem, sodium accumulates inside the cells, which begin to lyse, resulting 
in widespread leakage of intracellular fluid into extracellular tissue spaces [31]. Jetter 
(1943) suggested that the changes in concentration of haemoglobins alpha and beta 
between ante- and post-mortem blood samples were of sufficient magnitude that they 
could be used as indicators of PMI within the first three days post-mortem. However, it 
was not stated whether the concentration of these proteins increased or decreased, or if 
they were useful indicators beyond that timeframe [32].  
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Determination of the rate and extent of haemoglobin proteolysis in decomposition fluid, 
to which blood is a major contributor [23], may provide useful information relevant to 
the estimation of PMI. In this study, three peptides associated with haemoglobin subunit 
beta (ESFGDLSNADAVMGNPKVK, FGDLSNADAVMGNPK and 
GDLSNADAVMGNPKVK) displayed consistent trends in that a notable increase in 
mean peak area was followed by a marked decrease (Figure 5.2.5b–d.) in both the summer 
(at approximately 100 to 150 ADD) and winter samples (at approximately 230 ADD). 
Though the trend was similar, the increase in average peak area occurred at different time 
points in summer and winter, even when temperature differences, via ADD, were taken 
into account. In contrast, the haemoglobin alpha-derived peptide GHLDDPGAL 
displayed a consistent increase in mean peak area for the summer samples, while the 
winter samples were more variable (Figure 5.2.5a.). This suggests that temperature played 
the most significant role in the degradation of haemoglobin subunit alpha in the summer 
trial, while an additional factor appears to have impacted the rate of degradation of 
haemoglobin subunit beta in both trials. If these peptides are quantified at regular intervals 
during the decomposition process, their concentrations or concentration ratios could 
reveal time-specific trends which may provide useful information relevant to time since 






Figure 5.2.5. Mean peak area for (a) GHLDDPGAL, (b) ESFGDLSNADAVMGNPKVK, (c) 
FGDLSNADAVMGNPK and (d) GDLSNADAVMGNPKVK on days 2–10 (ADD 49–240) in summer (red dotted 
line) (n = 8) and days 6–34 (ADD 84–429) in winter (blue solid line) (n = 5). Peak areas in each sample were normalised 
to the crude protein concentration. 
 
 
5.2.4.4.2. Creatine kinase 
Creatine kinase catalyses a reversible reaction between creatine and ATP to generate 
phosphocreatine. There are two cytosolic forms of creatine kinase, named for the tissue 
from which they are typically isolated, muscle (MM-CK) and brain (BB-CK) [33]. 
Although creatine kinase is found in muscle, the majority of studies involving post-
mortem changes have focused on its concentration in cerebrospinal fluid (CSF). Paulson 
et al. (1971) reported creatine kinase to increase in the CSF after death, but stated that the 
increase bore no relationship to the PMI [34]. In contrast, several other studies found that 
there was a significant correlation between the post-mortem concentration of creatine 
kinase in CSF and time since death [35-37].  
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The creatine kinase-derived peptide KDLFDPIIQDR exhibited a trend similar to that 
observed for the peptide derived from haemoglobin subunit alpha. An increase in mean 
peak area was observed in the summer samples, while the winter samples were, again, 
more variable (Figure 5.2.6.). Although the correlation between time and mean peak area 
did not display the linearity reported by Karkela et al. (1993). [36], the trends suggest that 
creatine kinase could prove useful in PMI estimation. Again, this suggests that 
temperature was the most dominant factor in the degradation of creatine kinase in the 
summer trial, while an additional factor impacted its degradation in the winter trial. The 
consistency in the trends observed (up to approximately 250 ADD), coupled with the 
statistically significant differences observed in summer and winter in the post-mortem 
samples derived from the early and later periods, indicate that, if quantified, 
KDLFDPIIQDR could prove to be a potential marker for time since death estimation.  
 
  
Figure 5.2.6. Mean peak area for KDLFDPIIQDR on days 2–10 (ADD 49–240) in summer (red dotted line) (n = 8) and 





Enolase enzymes are abundantly expressed carbon-oxygen lyases known for their role in 
glycogenesis and glycolysis [38]. There are three subunits of enolase, each encoded by 
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different genes. Non-neuronal enolase (alpha-enolase) is found in a variety of tissues 
including liver, brain and kidney [38]. Muscle-specific enolase (beta-enolase) and 
neuron-specific enolase (gamma-enolase) are restricted to muscle and brain, respectively 
[38, 39]. There is little information in the literature concerning the presence of beta-
enolase in post-mortem samples, though, a link between beta-enolase and the ageing of 
living cardiac and skeletal muscle has been reported [40, 41]. 
A single peptide derived from beta-enolase was found to have contributed significantly 
to the differences observed between decomposition samples derived from the early and 
later periods. As described for the other peptides of interest, IVGDDLTVTNPK, 
displayed a consistent trend; an increase in mean peak area was followed by a sharp 
decrease (Figure 5.2.7.) in both the summer and winter samples. The trend mirrored that 
observed for the peptides generated from haemoglobin subunit beta (Figure 5.2.5b–d.). 
This is consistent with the notion that a factor (or factors) additional to temperature has 
contributed to the rate of degradation of beta-enolase.  
 
 
Figure 5.2.7. Mean peak area for IVGDDLTVTNPK on days 2–10 (ADD 49–240) in summer (red dotted line) (n = 8) 






5.2.4.4.4. Lactate dehydrogenase 
Lactate dehydrogenase (LDH) catalyses the interconversion of lactate and pyruvate. LDH 
consists of two distinct subunits, designated either ‘H’ or ‘M’ for the enzymes derived 
from heart or skeletal muscle, respectively [31]. In the living, elevated levels of LDH in 
the blood typically reflect myocardial infarction, liver disease, skeletal muscle damage or 
some cancers [42]. However, increased levels of LDH have also been reported in post-
mortem blood and CSF samples [34-36, 43]. Osuna et al. (1992) and Karkela et al. (1993) 
found that the increase in LDH activity in CSF samples collected up to 24 h post-mortem 
was significantly correlated with time since death [35, 36].  
In this study, two LDH-derived peptides (DLQHGSLF and ILGQNGISDVVKV) 
exhibited a sharp increase in mean peak area followed by a decrease in both the summer 
and winter samples with ADD (Figure 5.2.8a–b.). In contrast to the results described 
earlier, these trends were apparent over a longer timeframe, which suggests that these 
peptides may have potential for predicting PMI over a more extended period.  
 
 
Figure 5.2.8. Mean peak area for (a) DLQHGSLF and (b) ILGQNGISDVVKV on days 2–10 (ADD 49–240) in summer 
(red dotted line) (n = 8) and days 6–34 (ADD 84–429) in winter (blue solid line) (n = 5). Peak areas in each sample were 




5.2.4.4.5. Total body score vs. peptide production 
To determine if peaks in peptide production occurred during specific stages of the 
decomposition process, mean peak areas were compared and correlated with total body 
score (TBS). Peptides found to contribute significantly to the differences observed in 
decomposition samples derived from the early period (days 6–12 and day 2 in winter and 
summer, respectively) were compared with those derived from the later period (days 24–
34 and days 8–10 in winter and summer, respectively). As a semi-quantitative approach 
was undertaken, comparisons were made in relation to (a) the general shape of the trends 
displayed, and (b) when they occurred during the decomposition process. 
A single peptide derived from haemoglobin subunit alpha (VLSAADKANVKAAWGK) 
and three peptides derived from haemoglobin subunit beta (FGDLSNADAVMGNPK, 
FGDLSNADAVMGNPKVK and GDLSNADAVMGNPKVK) displayed similar trends 
in both the summer and winter trials and these trends correlated with similar total body 
scores (Figure 5.2.9a–d.). Similar trends were observed for three peptides derived from 
lactate dehydrogenase (ATLKDQLIH, ATLKDQLIHN and DLQHGSLF) (Figure 
5.2.10a–c.). In each case, a large increase was followed by a sharp decrease in both the 
summer and winter trials. The peaks were associated with mean total body scores ranging 
from 12.0 to 12.6 which corresponded to the stage of decomposition defined as “early” 
[28]. Physical features included brown discolouration of the head and neck, drying of the 
ears, purging of decomposition fluids, grey-purple discolouration of the abdomen with 
maximum bloat and brown/black discolouration of the limbs. Though these trends 
provide only minimal insight into PMI estimation, the occurrence of specific peptides at 
particular stages of the decomposition process may help to illuminate the biological 
processes that generate the physical features observed during each decomposition stage. 
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Consequently, thorough mapping of these peptides throughout the decomposition process 
should be undertaken.  
 
Figure 5.2.9. Mean peak area for (a) VLSAADKANVKAAWGK, (b) FGDLSNADAVMGNPK, (c) 
FGDLSNADAVMGNPKVK and (d) GDLSNADAVMGNPKVK vs mean total body score (TBS) on analysis days 2–
10 (ADD 49–240) in summer (red dotted line) (n = 8) and days 6–34 (ADD 84–429) in winter (blue solid line) (n = 5). 






Figure 5.2.10. Mean peak area for (a) ATLKDQLIH, (b) ATLKDQLIHN and (c) DLQHGSLF vs mean total body score 
(TBS) on analysis days 2–10 (ADD 49–240) in summer (red dotted line) (n = 8) and days 6–34 (ADD 84–429) in winter 




The analysis of peptides resulting from the degradation of proteins in decomposition fluid 
demonstrates potential for use in PMI estimation. A semi-quantitative approach revealed 
that 29 peptides derived from 5 different proteins contributed to differences in the peptide 
content between decomposition fluid samples collected during the early (days 6–12 and 
day 2 in winter and summer respectively) and later periods (days 24–34 and days 8–10 in 
winter and summer respectively) of the decomposition process. Moreover, fold changes 
observed between samples collected in the early and later post-mortem periods for 
peptides derived from haemoglobin subunit alpha (GHLDDPGAL), haemoglobin subunit 
beta (ESFGDLSNADAVMGNPKVK; FGDLSNADAVMGNPK; 
GDLSNADAVMGNPKVK), creatine kinase (KDLFDPIIQDR), beta-enolase 
(IVGDDLTVTNPK) and lactate dehydrogenase (DLQHGSLF; ILGQNGISDVVKV) 
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were significantly different and were responsible for most of the dissimilarities observed. 
Furthermore, these peptides displayed distinct trends in mean peak area with time, further 
emphasising their potential for use in time since death estimation. Seven peptides 
displayed consistent trends that could be correlated with TBS during the early stages of 
decomposition. Further mapping of these peptides may provide insight into the biological 
processes responsible for generating the physical features observed during 
decomposition. 
We have established that there are clear differences in the peptide profile associated with 
the early and advanced stages of the decomposition process, but the inherent variability 
associated with the rate and extent of protein degradation requires additional research 
before it can be considered as an approach to PMI determination for forensic casework. 
Once the potential of the peptide profile of decomposition fluid as a PMI-indicator has 
been fully evaluated, studies on the recovery and analysis of fluid from soil matrices need 
to be undertaken to evaluate the practical applicability of this approach. Studies will need 
to be conducted over several years, during different seasonal periods and in different 
geographical locations. This will allow variability between different seasons and different 
years to be evaluated and will provide information on the protein degradation patterns 
associated with cold, temperate and tropical environments. In addition, other factors 
known to influence decomposition such as soil pH, clothing, wounds, and the impact of 
size, age and weight of cadavers should be assessed [2, 4, 14, 19].  
Future studies will also require a greater sample size, more analyses and a fully 
quantitative approach. An untargeted method should also be employed to allow the full 
extent of protein degradation in post-mortem samples to be explored and mapped. This 
would enable the calculation of peptide ratios, which may also reveal time-dependent 
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trends. There is a clear need to develop viable alternatives to the methods currently used 
for the estimation of the post-mortem interval. Whilst studies focusing on other 
biochemical markers have defined limitations, this study, which has focused on the use 
of peptides, has generated encouraging results. Although further investigation is required, 

















1. Wilson-Taylor R, Dautaras A. Time since death estimation and bone weathering. 
The post mortem interval. In: Langley N, Tersigni-Tarrant M, editors. Forensic 
Anthropology: A Comprehensive Introduction. Second ed. Boca Raton: CRC Press; 
2017. p. 273-313. 
2. Bass W. Outdoor decomposition rates in Tennessee. In: Sorg M, Haglund W, 
editors. Forensic Taphonomy: The postmortem fate of human remains. Boca Raton, 
Florida: CRC Press; 1997. p. 181-6. 
3. Fitzgerald C, Oxenham M. Modelling time-since-death in Australian temperate 
conditions. Australian Journal of Forensic Sciences. 2009;41(1):27-41. 
4. Mann R, Bass W, Meadows L. Time since death and decomposition of the human 
body: Variables and observations in case and experimental field studies. Journal of 
Forensic Sciences. 1990;35(1):103-11. 
5. Archer M. Rainfall and temperature effects on the decomposition rate of exposed 
neonatal remains. Science and Justice. 2004;44(1):35-41. 
6. Cross P, Simmons T. The influence of penetrative trauma on the rate of 
decomposition. Journal of Forensic Sciences. 2010;55(2):295-301. 
7. Simmons T, Adlam R, Moffatt C. Debugging decomposition data - Comparative 
taphonomic studies and the influence of insects and carcass size on decomposition rate. 
Journal of Forensic Sciences. 2010;55(1):8-13. 
8. Bachmann J, Simmons T. The influence of preburial insect access on the 
decomposition rate. Journal of Forensic Sciences. 2010;55(4):893-900. 
135 
 
9. Hewadikaram K, Goff M. Effect of carcass size on rate of decomposition and 
anthropod succession. The American Journal of Forensic Medicine and Pathology. 
1991;12(3):235-40. 
10. Galloway A, Birkby W, Jones A, Henry T, Parks B. Decay rates of human remains 
in an arid environment. Journal of Forensic Sciences. 1989;34(3):607-16. 
11. Payne J. A summer carrion study of the baby pig Sus Scrofa Linnaeus. Ecology. 
1965;46(5):592-602. 
12. Clark M, Worrell M, Pless J. Postmortem changes in soft tissue. In: Haglund W, 
Sorgs M, editors. Forensic Taphonomy: The Postmortem Fate of Human Remains. Boca 
Raton: CRC Press; 1997. p. 151-66. 
13. Haskell N, Hall R, Cervenka V, Clark M. On the body: Insects' life stage presence 
and their postmortem artifacts  In: Haglund W, Sorg M, editors. Forensic Taphonomy: 
The Postmortem Fate of Human Remains. Boca Raton: CRC Press; 1997. p. 415-42. 
14. Rodriguez W, Bass W. Insect activity and its relationships to decay rates of human 
cadavers in East Tennessee. Journal of Forensic Sciences. 1982;28(2):423-32. 
15. Megyesi M, Nawrocki S, Haskell N. Using accumulated degree-days to estimate 
the postmortem interval from decomposed human remains. Journal of Forensic Sciences. 
2005;50(3):618-26. 
16. Pittner S, Ehrenfellner B, Monticelli F, Zissler A, Sanger A, Stoiber W, et al. 
Postmortem muscle protein degradation in humans as a tool for PMI delimitation. 
International Journal of Legal Medicine. 2016;130(6):1547-55. 
17. Nolan A, Mead R, Maker G, Bringans S, Chapman B, Speers S. Examination of 
the temporal variation of peptide content in decomposition fluid under controlled 
136 
 
conditions using pigs as human substitutes. Forensic Science International. 
2019;298:161-8. 
18. Nolan A, Mead R, Bringans S, Maker G, Speers S. The impact of environmental 
factors on the production of peptides in mammalian decomposition fluid in relation to the 
estimation of post-mortem interval: A summer/winter comparison in Western Australia. 
In: University M, editor. 2019. p. 23. 
19. Vass A, Barshick S, Sega G, Caton J, Skeen J, Love J, et al. Decomposition 
chemistry of human remains: A new methodology for determining the postmortem 
interval. Journal of Forensic Sciences. 2002;47(3):542-53. 
20. Tuller H. Dirty secrets: Blood protein and VFA analysis of soil from execution 
and grave site in the former Yugoslavia: Louisiana State University; 2001. 
21. Swann L, Chidlow G, Forbes S, Lewis S. Preliminary studies into the 
characterization of chemical markers of decomposition for geoforensics. Journal of 
Forensic Sciences. 2010;55(2):308-14. 
22. Swann L, Forbes S, Lewis S. Observations of the temporal variation in chemical 
content of decomposition fluid: A preliminary study using pigs as a model system. 
Australian Journal of Forensic Sciences. 2010;42(3):199-210. 
23. Swann L, Busetti F, Lewis S. Determination of amino acids and amines in 
mammalian decomposition fluid by direct injection liquid chromatography-electrospray 
ionisation-tandem mass spectrometry. Analytical Methods. 2012;4(2):363-70. 
24. Pittner S, Monticelli F, Pfisterer A, Zissler A, Sanger A, Stoiber W, et al. 
Postmortem degradation of skeletal muscle proteins: a novel approach to determine the 
time since death. international Journal of Legal Medicine. 2015;130:421-31. 
137 
 
25. Vass A, Bass W, Wolt J, Foss J, Amos J. Time since death determinations of 
human cadavers using soil solution. Journal of Forensic Sciences. 1992;37(5):1236-53. 
26. Procopio N, Chamberlain A, Buckley M. Intra- and interskeletal proteome 
variations in fresh and buried bones. Journal of Proteome Research. 2017;16(2016-2029). 
27. Procopio N, Williams A, Chamberlain A, Buckley M. Forensic proteomics for the 
evaluation of the post-mortem decay in bones. Journal of Proteomics. 2018;177:21-30. 
28. Keough N, Myburgh J, Steyn M. Scoring of decomposition: A proposed 
amendment to the method when using a pig model for human studies. Journal of Forensic 
Sciences. 2017;62(4):986-93. 
29. MacLean B, Tomazela D, Shulman N, Chambers M, Finney GL, Frewen B, et al. 
Skyline: an open source document editor for creating and analyzing targeted proteomics 
experiments. Bioinformatics. 2010;26(7):966-8. 
30. Donaldson AE, Lamont IL. Estimation of post-mortem interval using biochemical 
markers. Australian Journal of Forensic Sciences. 2013;46(1):8-26. 
31. Cotran R, Kumar V, Robbins S. Chapter 1. Cellular injury and cellular death. In: 
Schoen FJ, editor. Robbins Pathologic Basis of Disease. Philadelphia: W.B. Saunders; 
1994. p. 4-11. 
32. Jetter W, McLean R. Biochemical changes in body fluids after death. American 
Journal of Clinical Pathology. 1943;13:178-85. 
33. McLeish M, Kenyon G. Relating structure to mechanism in creatine kinase. 
Critical Reviews in Biochemistry and Molecular Biology. 2005;40(1):1-20. 




35. Osuna E, Perez-Carceles M, Luna A, Pounder D. Efficacy of cerebro-spinal fluid 
biochemistry in the diagnosis of brain insult. Forensic Science International. 
1992;52:193-8. 
36. Karkela J. Critical evaluation of postmortem changes in human autopsy cisternal 
fluid. Enzymes, electrolytes, acid-base balance, glucose and glycolysis, free amino acids 
and ammonia. Correlation to total brain ischemia Journal of Forensic Sciences. 
1993;38(3):603-16. 
37. Finehout E, Franck Z, Relkin N, Lee KH. Proteomic analysis of cerebrospinal 
fluid changes related to postmortem interval. Clinical Chemistry. 2006;52(10):1906-13. 
38. Pancholi V. Multifunctional a-enolase: Its role in diseases. Cellular and Molecular 
Life Sciences. 2001;58:902-20. 
39. Peshavaria M, Day I. Molecular structure of the human muscle-specific enolase 
gene (EN03). Biochemistry Journal. 1991;275:427-33. 
40. Castegna A, Aksenov M, Thongboonkerd V, Klein JB, Pierce W, Booze R, et al. 
Proteomic identification of oxidatively modified proteins in alzheimer's disease brain. 
Part II: Dihydropyrimidinase-related protein 2, alpha-enolase and heat shock cognate 71. 
Journal of Neurochemistry. 2002;82(6):1524–32. 
41. Kanski J, Hong S, Schoneich C. Proteomic analysis of protein nitration in aging 
skeletal muscle and identification of nitrotyrosine-containing sequences in vivo by 
nanoelectrospray ionization tandem mass spectrometry*. The Journal of Biological 
Chemistry. 2005;280(25):24261-6. 
42. Donaldson A, Lamont I. Biochemistry changes that occur after death: potential 
markers for determining post-mortem interval. PLoS One. 2013;8(11):e82011. 
139 
 
43. Coe J. Postmortem chemistry update - emphasis on forensic application. The 



















5.2.7. Supplementary material 
 
Figure S 5.2.1. Scores plot from principal component analysis of winter samples collected on days 6–12 (squares) (n = 
16), days 14–22 (circles) (n = 20) and on days 24–34 (triangles) (n = 13). 
 
Figure S 5.2.2. Scores plot from principal component analysis of summer samples collected on day 2 (squares) (n = 8), 
days 4–6 (circles) (n = 16) and on days 8–10 (triangles) (n = 5) periods of decomposition. 
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Chapter Six – General discussion and 
future directions 
 
6.1. Context of findings 
An accurate estimation of post-mortem interval (PMI), or time since death of an alleged 
victim, is of utmost importance in criminal investigations. Various methods are currently 
available for estimating PMI, however, not all methodologies are reliable [1-8]. There are 
a number of intrinsic and extrinsic factors that impact the rate of decomposition, the most 
significant of which is the temperature to which the body is exposed [1, 6, 9, 10]. Research 
has revealed that more than 80% of the variability seen in soft tissue decomposition is the 
result of temperature differences [1, 11, 12]. Various algorithm-based techniques, such as 
total body scoring (TBS), have been used, commonly, as a quantitative means to measure 
decomposition [10, 13-16]. These methods claim to determine, accurately, time since 
death across varied environments by accounting for temperature using Accumulated 
Degree Days (ADD). However, these methods are not without their limitations and 
validation studies in different geographical locations found that PMI was either over- or 
underestimated [17-19]. In contrast, studies focusing on biochemical approaches have 
relied upon more robust parameters and have obtained encouraging results. To date, the 
majority of work conducted in identifying biomarkers during decomposition has focused 
on fatty acids and carbohydrates [2, 4, 8, 20-23]. However, recent studies, using SDS-
PAGE, Western blotting and casein zymography, demonstrated that protein biomarkers 
may be more useful predictors of the post-mortem interval [24-26]. Although promising, 
these studies were limited by the proteomic techniques applied and by the use of muscle 
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tissue, restricting estimations of time since death to 10 days post-mortem. However, other 
studies [27, 28] have identified protein biomarkers in bone, a tissue more resistant to 
degradation, which may extend the timeframe in which PMI estimates can be made.  
This thesis describes investigations utilising high performance liquid chromatography-
time of flight mass spectrometry, followed by high performance liquid chromatography-
triple quadrupole mass spectrometry to evaluate the rate of protein degradation in 
decomposition fluid. Decomposition fluid was chosen because it reflects the 
decomposition profile of multiple tissues simultaneously, and is, therefore, appropriate to 
employ in proof of concept studies. Furthermore, decomposition fluid has the potential to 
be recovered and analysed beyond the time-frame of other tissues used in previous 
studies; making it an ideal alternative in cases where such tissue samples are unavailable. 
The primary aim of this research was to characterise the peptide profile of decomposition 
fluid generated under experimental (laboratory-based) and field-based environmental 
conditions (summer versus winter), to evaluate its potential for PMI estimation. This 
thesis, as a result, addresses questions relating to the use of proteins/peptides in estimating 
time since death. Within this chapter the findings of this research are summarised and 
suggested areas for future work are discussed.  
 
6.2. Summary of findings 
Chapter Three reports the preliminary observations of the peptide content of 
decomposition fluid produced over time and under temperature-controlled conditions. 
High-performance liquid chromatography-time of flight mass spectrometry was used to 
analyse decomposition fluid samples collected from a total of four domestic pig (Sus 
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scrofa domesticus) cadavers. Initial spectral output identified over 15,000 peptides, 
resulting from the degradation of 342 proteins.  
Analysis of the spectral data indicated that 41 proteins were consistently identified in fluid 
samples collected from three of the four cadavers, five of which were found to be 
common. The five common proteins, identified as creatine kinase, beta-enolase, pyruvate 
kinase, haemoglobin subunit alpha and haemoglobin subunit beta, yielded a total of 2,938 
unique peptides during the decomposition process. It was anticipated that the total number 
of peptides generated would increase as time elapsed, however, no clear correlation 
between total peptide number and days progressed (r= 0.24–0.46) was found. Similarly, 
correlation was not apparent between chain length and days elapsed for the peptides 
generated from haemoglobin subunit beta (r= 0.21), beta-enolase (r= 0.26), 
creatine-kinase (r= 0.20) and pyruvate-kinase (r= 0.18). In contrast to this, a correlation 
between chain length and days elapsed (r= 0.68) was generated by peptides derived from 
haemoglobin subunit alpha, with a trend towards shorter peptides displayed as time 
progressed.  
Further analysis of the degradative patterns for each of the five common proteins, 
revealed consistent breakdown patterns for both haemoglobin subunits alpha and beta. 
The peptides associated with haemoglobin subunit alpha displayed a breakdown pattern 
that progressed from the amino terminal end to the carboxy terminal end of the reference 
protein as time elapsed. The most abundant peptides were derived from residues 4–27 on 
day 3 (ADD 72), and from residues 68–82 between days 5 and 29 (ADD 120–696). In 
contrast, the peptides associated with haemoglobin subunit beta displayed a breakdown 
pattern that remained consistent for the duration of the trial, with the most abundant 
peptides being derived from residues 15–34 and 45–63.  
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Of the 2,938 unique peptides detected during the decomposition process, 28 were found 
to be common to all cadavers. Of these common peptides, 18 originated from 
haemoglobin subunit beta, 4 from haemoglobin subunit alpha and 2 each from creatine 
kinase, beta enolase and pyruvate kinase. The consistency of the findings suggested that 
identification of the peptides generated during the course of the decomposition process 
was a potentially useful tool in time since death estimation, but further field-based 
evaluation was required. 
In Chapter Four, the results of studies conducted during two field-based trials in the 
summer and winter months in Western Australia are described. The trials were designed 
to assess the impact of temperature on the peptide profile of decomposition fluid under 
different seasonal conditions and to serve as a means of identifying target peptides for 
future research. High-performance liquid chromatography-time of flight mass 
spectrometry was used to analyse decomposition fluid samples collected from a total of 
16 domestic pig (Sus scrofa domesticus) cadavers (8 in the summer and 8 in the winter 
trial).  
Initial analysis of the samples revealed the presence of numerous peptides in the 
decomposition fluid. In summer, strong correlations were found between ADD and the 
total number of peptides present (r= -0.89), however, such a correlation was not seen in 
the winter trial (r= 0.22). Based on the identification of peptides derived from them, 
further analysis of the samples revealed that 6 proteins, (creatine kinase, beta-enolase, L-
lactate dehydrogenase, haemoglobin subunit alpha, haemoglobin subunit beta, and 
troponin C2), were consistently present in both the summer and winter trials. Five of these 
proteins were also detected in the preliminary study described in Chapter Three. 
Furthermore, in agreement with the findings in Chapter Three, correlations between chain 
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length and days post-mortem were evident for peptides originating from haemoglobin 
subunit alpha (r= 0.91 and 0.69 for summer and winter, respectively). Correlations 
between chain length and days post-mortem for peptides originating from the remaining 
proteins were less apparent. 
In summer and winter, degradation patterns for haemoglobin subunits alpha and beta were 
consistent (when expressed in ADD) with those reported in Chapter Three. In accordance 
with previous results, peptides generated from haemoglobin subunit alpha were derived 
from residues 4–25 and 60–80. However, an additional region from which peptides were 
derived was also detected. Peptides generated from this segment (residues 110–120) 
appeared between days 22 and 30 (ADD 234–385) in winter and for the entirety of the 
summer trial. Also in agreement with the results reported in Chapter Three, the most 
abundant peptides generated from haemoglobin subunit beta (in both the summer and 
winter trials) were derived from residues 15–35 between days 6 and 30 (ADD 84–385) 
and between days 2 and 6 (ADD 49–152) in winter and summer, respectively. Abundant 
peptides were also generated from residues 45–65 between days 14 and 30 (ADD 182–
385) in winter and between days 2 and 6 (ADD 49–152) in summer. In contrast to our 
previous findings, degradative patterns for creatine kinase and beta-enolase were uniform. 
In winter, the most abundant peptides generated from the degradation of creatine kinase 
were derived from residues 50–65 between days 14 and 30 (ADD 182–385), and from 
residues 15–30, 80–130, and 370–380 from day 22 (ADD 234) onwards. In summer, the 
most abundant peptides were derived from residues 50–65 between days 2 and 6 (ADD 
49–152); from residues 80–100 between days 2 and 10 (ADD 49–240) and from residues 
370–380 from day 6 (ADD 152) onwards. Beta-enolase displayed just one abundance 
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peak derived from residues 310–330 between days 14 and 30 (ADD 182–385) in winter 
and between days 2 and 10 (ADD 49–240) in summer. 
Forty-seven peptides were consistently identified in fluid samples in summer, and 95 in 
winter. Of the 142 peptides detected in both trials, 37 were found to be common between 
summer and winter. When cross-referenced against the findings reported in Chapter 
Three, 13 peptides (9 originating from haemoglobin subunit beta, 1 from haemoglobin 
subunit alpha, and 2 from creatine kinase) were found to occur consistently, regardless of 
trial conditions. This commonality reinforced the view that characterisation of peptides 
generated during decomposition are potentially valuable in estimating time since death. 
To further evaluate their usefulness in the estimation of post-mortem interval, 
quantification of the peptides identified in this chapter was undertaken  
Chapter Five reports the results of a semi-quantitative analysis of the peptides generated 
in decomposition fluid under field-based conditions during the summer and winter 
months in Western Australia. The physical characteristics of sixteen domestic pig (Sus 
scrofa domesticus) cadavers were recorded and 34 peptides were targeted for analysis 
using high performance liquid chromatography-triple quadrupole mass spectrometry.  
Principal component analyses of peak areas of the peptides present in decomposition fluid 
showed clear distinctions between samples collected in the early (days 6–12 and day 2 in 
winter and summer respectively) and later decomposition periods (days 24–34 and days 
8–10 in winter and summer respectively). In total, 29 peptides derived from 5 different 
proteins contributed to the differences observed in the mean peak areas of samples 
analysed in the early and later periods of the summer and winter trials. Moreover, the fold 
changes in peak area for 8 peptides, derived from haemoglobin subunit alpha 
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(GHLDDPGAL), haemoglobin subunit beta (ESFGDLSNADAVMGNPKVK; 
FGDLSNADAVMGNPK; GDLSNADAVMGNPKVK), creatine kinase 
(KDLFDPIIQDR), beta-enolase (IVGDDLTVTNPK) and lactate dehydrogenase 
(DLQHGSLF; ILGQNGISDVVKV), were found to be statistically significant between 
samples collected in the early and later decomposition periods. These were deemed to be 
responsible for most of the differences observed. 
In addition, these 8 peptides displayed distinct trends in mean peak area with time in both 
the summer and winter trials. Increases in mean peak area were followed by marked 
decreases, for peptides ESFGDLSNADAVMGNPKVK, FGDLSNADAVMGNPK, 
GDLSNADAVMGNPKVK, IVGDDLTVTNPK, DLQHGSLF and 
ILGQNGISDVVKV. However, these trends occurred at different times in summer and 
winter, suggesting that factors other than temperature had impacted the rate of 
degradation of the proteins from which they were derived. In contrast, the increases in 
mean peak area for peptides GHLDDPGAL and KDLFDPIIQDR were consistent, 
suggesting that temperature played the most significant role in the degradation of their 
parent proteins. 
Further analysis of the data revealed that 7 peptides displayed consistent trends that could 
be correlated with total body score and with the early stages of decomposition. This 
applied to the peptides derived from haemoglobin subunit beta 
(FGDLSNADAVMGNPK, FGDLSNADAVMGNPKVK and 
GDLSNADAVMGNPKVK), haemoglobin subunit alpha (VLSAADKANVKAAWGK) 
and lactate dehydrogenase (ATLKDQLIH, ATLKDQLIHN and DLQHGSLF). In all 
cases, a large increase in peak area was followed by a sharp decrease in both the summer 
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and winter trials. In each case, the increase was associated with mean total body scores 
ranging from 12.0–12.6 which corresponded to the stage of decomposition defined as 
“early”. Further mapping of these peptides may provide insight into the biological 
processes responsible for generating the physical features observed during 
decomposition, but it is unlikely to provide information precise enough to define the PMI.  
Although further investigation is required, semi-quantification of the peptides in 
decomposition fluid revealed consistent trends under varying temperature regimes, 
further emphasising the potential application of this approach to time since death 
estimations. 
 
6.3. Limitations and future directions 
The research described in this thesis has advanced the knowledge of the application of 
protein-based methods to time since death estimation. However, it is important to 
recognise that this study represents a proof of concept approach to PMI estimation and its 
applicability to actual forensic scenarios remains to be evaluated. The availability of 
samples of decomposition fluid in forensic casework depends, largely, upon the 
environment in which the cadaver is discovered and the substrate on which it is lying or 
interred. If the body is in contact with the ground, decomposition fluid will leach into the 
surrounding area and alter the matrix of the soil below the decomposing remains [2, 4]. 
Several studies have demonstrated the impact of decomposing carcasses on the biological, 
chemical and physical properties of soil [2, 4, 23, 29-33], but, the extent to which soil 
alters the biochemical profile of decomposition fluid is essentially unknown. Future 
studies focusing on the recovery and analysis of fluid from soil matrices will need to be 
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undertaken to evaluate the practical applicability of this approach to time since death 
estimation. The recovery and analysis of decomposition fluid from other materials should 
also be investigated. Recent studies have shown that textiles surrounding remains, such 
as clothing or blankets, retain decomposition products that leach from the body during 
the decomposition process [34]. There is a possibility that the decomposition products 
retained in such textiles would be largely unaffected, however, post-mortem studies 
investigating this will need to be undertaken.  
As with any taphonomic study, it is also important to highlight the advantages and 
disadvantages of animal models. The use of pigs as human analogues has been questioned 
by studies comparing decomposition rates between human and pig cadavers [35, 36]. 
However, it is suggested that intrinsic factors such as mass, age, ante-mortem 
pharmaceutical use and overall body condition (frozen/fresh, autopsied/non-autopsied, 
etc.) would impair accurate comparisons, rebutting the claim that pigs are not adequate 
proxies for human decomposition studies [37]. There are many advantages to the use of 
pigs when investigating decomposition, the most important of which is reproducibility. 
Pig cadavers can be easily replicated in size, age and sex, in large numbers and at low 
costs. In contrast, such factors for human cadavers donated to taphonomic facilities are 
unpredictable and uncontrollable [38]. Furthermore, several studies have found that 
despite physical and physiological differences between the two species, analyses 
investigating the degradation of proteins revealed similar patterns that occurred in a 
comparable fashion [25, 39]. Once the potential of the peptide profile of decomposition 
fluid as a PMI-indicator has been fully evaluated, comparative studies will need to be 
undertaken to assess the applicability of the method in estimating the PMI for humans.  
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The work outlined in this thesis was, at times, compromised by sample dilution resulting 
from winter rainfall. In future field studies, when collecting decomposition fluid, 
placement of carcasses in locations sheltered from the rain, to minimise sample dilution, 
and protected from direct sunlight, to minimise evaporation, is crucial. However, if a 
reliable estimate of time since death is to be derived from analysis of the fluid obtained, 
these locations should not adversely impact the natural process of decomposition (insect 
access, etc.).  
Although the analysis of decomposition allowed for a “whole body” approach, future 
studies should sample a range of tissues in addition to decomposition fluid. This may 
allow for the origin of proteins to be determined and an optimal organ or tissue type to be 
identified. Moreover, the results in this thesis were, at times, inconsistent, due to 
variability in the production and volume of decomposition fluid. By sampling and 
analysing multiple tissues a more thorough analysis of the degradation patterns arising 
from targeted protein-specific peptides can be undertaken.  
As the rate of physical decomposition was found to be highly variable, future research 
will require the use of larger sample sets encompassing a greater number of replicates. 
This will necessitate a larger study site for the placement of carcasses. These studies 
should also be conducted over several years and during different seasonal periods, to 
observe, record and compare trends across all seasons, not just summer and winter. This 
would also allow year to year variance to be evaluated. The impact of geographical 
location should also be explored, so that patterns can be established for cold, temperate 
and tropical environments. In addition, other factors known to influence decomposition 
such as soil pH, presence or absence of clothing, burial, presence or absence of wounds 
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and the impact of size, weight and age of the cadaver at death should be assessed [2, 9, 
40, 41].  
Analysis confirmed that decomposition fluid is a highly complex and variable matrix. An 
untargeted, qualitative approach identified over 15,000 peptides, resulting from the partial 
hydrolysis of 342 proteins. In some instances, as many as 350 peptides were generated 
from a single protein in a single sample. It would be valuable to employ a quantitative 
untargeted approach, to allow the full extent of protein degradation in post-mortem 
samples to be explored and mapped. Proteomic software packages, such as MaxQuant, 
have been specifically designed to analyse and quantify large mass-spectrometric data 
sets [42] and should be considered in future investigations. Furthermore, if an untargeted 
approach were employed, a more advanced interrogation of the data could be undertaken 
using alternative software packages such as FactoMineR [43]. Packages such as this can 
take into account a range of variables, both quantitative and categorical. This would 
enable anatomical information, such as physical characteristics, to be more accurately 
aligned with the production of specific peptides as the decomposition process proceeds.  
A semi-quantitative, targeted analysis confirmed that a number of peptides were produced 
in a consistent, time-dependent fashion regardless of climatic conditions. Obtaining fully 
quantitative data on these peptides may correlate the extent of their production more 
specifically with PMI. To achieve this, future studies should involve the addition to 
samples, prior to analysis, of peptide markers of known concentration to allow fully-
quantitative experimental data to be obtained. 
In addition to the quantification of the peptides identified in this thesis, targeted studies 
directed at peptides derived from other proteins previously shown to be associated with 
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time-dependent tissue decomposition should be considered. Procopio et al., using LC-
MS/MS analysis, identified several protein biomarkers in bone samples collected over a 
six-month period that appeared to undergo cumulative decay over time [27, 28]. The aim 
of their study was to identify specific variations in proteins that were associated with 
increasing PMI so as to identify new potential biomarkers that may assist in estimating 
time since death when only skeletal remains were available for analysis. They reported 
that most of the proteome changes in bone occurred within the first four months post-
mortem, followed by a period of slower decay leading to reduced proteome complexity. 
Some of the proteins identified, haemoglobin subunits alpha and beta; beta-enolase and 
creatine kinase, corresponded to the proteins from which peptides were derived in the 
studies on decomposition fluid described in this thesis. However, other biomarkers such 
as transferrin, lactoferrin, triosephosphate isomerase, myosin types 2 and 6 and 
haptoglobin were also found to correlate with PMI because they decreased in 
concentration in bone as time progressed.  
The consistently generated proteins discovered by Pittner et al. and Foditch and Sanger 
should also be the target in future studies [25, 44]. Distinct, time-specific protein patterns 
were displayed for desmin, titin, nebulin, SERC1 and  cTnT in skeletal muscle, making 
them ideal candidates for further analyses. Future studies on decomposition fluid and 
other tissue types, targeting peptides generated from the hydrolysis of these proteins, may 
be a valuable extension to the work described in this thesis. 
 
6.4. Concluding remarks 
The use of protein biomarkers to estimate time since death is a promising alternative to 
the traditional methods currently employed. The aim of this research was to characterise 
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the peptide profile of decomposition fluid generated under a variety of experimental 
(laboratory-based) and field-based environmental conditions (summer versus winter), and 
to evaluate its potential for PMI estimation. Peptides derived from a range of proteins 
have been found to appear, consistently, throughout the decomposition process. 
Furthermore, semi-quantification of these peptides in decomposition fluid revealed 
consistent trends irrespective of different temperature regimes. Although further 
investigation is required, including full quantification, the potential applicability of this 
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Chapter Seven – Appendices 




















































Appendix 3. Photograph of cadaver on analysis day 0 in Summer Trial. 
 




Appendix 5. Photograph of cadaver on analysis day 2 in Summer Trial. 
 




Appendix 7. Photograph of cadaver on analysis day 4 in Summer Trial. 
 




Appendix 9. Photograph of cadaver on analysis day 6 in Summer Trial. 
 




Appendix 11. Photograph of cadaver on analysis day 8 in Summer Trial. 
 




Appendix 13. Photograph of cadaver on analysis day 10 in Summer Trial. 
 




Appendix 15. Photograph of cadaver on analysis day 12 in Summer Trial. 
 




Appendix 17. Photograph of cadaver on analysis day 14 in Summer Trial. 
 




Appendix 19. Photograph of cadaver on analysis day 18 in Summer Trial. 
 




Appendix 21. Photograph of cadaver on analysis day 22 in Summer Trial. 
 
 




Appendix 23. Photograph of cadaver on analysis day 26 in Summer Trial 
 
 
Appendix 24. Photograph of cadaver on analysis day 28 in Summer Trial. 
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Appendix 25. Total Body Score (TBS) chart for cadaver in Summer Trial 
Stage Appearance and General Characteristics 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 18 20 22 24 26 28 
Head and Neck                                               
(1pt) Fresh, no discoloration—slight lividity (pink/red) 1                                           
(2pts) Insect activity; pronounced lividity (dark pink/red)   2                                         
(3pts) 
Dark-red discoloration with some flesh still 
relatively fresh; odema of ears; maggot 
colonization (mouth); initial bloating of neck and 
skin slippage 
    3                                       
(4pts) 
Discoloration and/or brownish shades particularly 
at edges, drying of nose, ears, and lips; prominent 
bloating of neck; maggot colonization (mouth and 
eyes); purging of decompositional fluids (mouth) 
colonization (mouth and eyes) 
      4                                     
(5pts) 
Purging of decompositional fluids; brown 
discoloration; hair loss and skin slippage; drying of 
lips, nose and ears 
        5                                   
(6pts) 
Black discoloration of flesh; extensive maggot 
colonization and migration 
                                            
(7pts) 
Caving in of the flesh and tissues of eyes and 
throat 
          7                                 
(8pts) 
Moist decomposition with bone exposure less than 
<½ of scored area 
            8 8 8 8 8 8                     
(9pts) 
Mummification with bone exposure <½ that of 
scored area 
                        9 9 9 9 9 9 9 9 9 9 
(10pts) 
Bone exposure of >½ of scored area, greasy 
substance and decomposed tissue 
                                            
(11pts) 
Bone exposure less than >½ of scored area with 
desiccated or mummified tissue 
                                            
(12pts) Bone largely dry, but retaining some grease                                             
(13pts) Dry bone                                             
Trunk                                               
(1pt) Fresh, no discoloration—slight lividity (pink/red) 1                                           
(2pts) 
Skin appears shiny/glossy with early bloating and 
may show purple-black discoloration over 
abdominal area 
  2                                         
(3pts) 
Gray-purple to green discoloration: some flesh still 
relatively fresh; marbling of abdomen with 
maximum bloat 




Purple-black discoloration and purging of 
decompositional fluids; skin slippage with maggot-
filled blisters present; hair loss 
          4                                 
(5pts) 
Postbloating following release of the abdominal 
gases, with extensive skin slippage and drying out 
of blisters 
            5                               
(6pts) Caving in of abdominal cavity, sagging of flesh               6                             
(7pts) 
Moist decomposition with bone exposure less than 
<½ of scored area 
                7 7 7 7 7 7 7               
(8pts) 
Mummification with bone exposure <½ that of 
scored area 
                              8 8 8 8 8 8 8 
(9pts) 
Bones with decomposed tissue, body fluids and 
grease possibly still present 
                                            
(1pts) 
Bone with desiccated or mummified tissue 
covering less than <½ of scored area 
                                            
(11pts) Bone largely dry, but retaining some grease                                             
(12pts) Dry bone                                             
Limbs                                               
(1pt) 
Fresh, no discoloration—slight lividity (pink) with 
rigor present 
1 1                                         
(2pts) 
Pink-white appearance with bloating of proximal 
parts of limbs 
                                            
(3pts) 
Gray to green discoloration: marbling and shiny 
appearance of skin; some flesh still relatively fresh; 
skin slippage and hair loss 
    3 3 3                                   
(4pts) 
Discoloration and/or brownish shades particularly 
at edges, drying of skin (starting distal to proximal) 
                                            
(5pts) 
Brown-black discolouration, skin has leathery 
appearance 
          5                                 
(6pts) 
Moist decomposition with bone exposure less than 
<½ of scored area 
            6 6 6 6 6 6 6 6                 
(7pts) 
Mummification with bone exposure <½ that of 
scored area 
                            7 7 7 7 7 7 7 7 
(8pts) 
Bone exposure >½ area being scored, some 
decomposed tissue and body fluids remaining 
                                            
(9pts) Bone largely dry, but retaining some grease                                             
(10pts) Dry bone                                             
Total Body 
Score 
  3 5 9 10 11 16 19 20 21 21 21 21 22 22 23 24 24 24 24 24 24 24 
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Appendix 26. Photograph of cadaver on analysis day 0 in Winter Trial. 
 
 




Appendix 28. Photograph of cadaver on analysis day 2 in Winter Trial. 
 
 




Appendix 30. Photograph of cadaver on analysis day 4 in Winter Trial. 
 
 




Appendix 32. Photograph of cadaver on analysis day 6 in Winter Trial. 
 
 




Appendix 34. Photograph of cadaver on analysis day 8 in Winter Trial. 
 
 




Appendix 36. Photograph of cadaver on analysis day 10 in Winter Trial. 
 
 




Appendix 38. Photograph of cadaver on analysis day 12 in Winter Trial. 
 
 




Appendix 40. Photograph of cadaver on analysis day 14 in Winter Trial. 
 
 




Appendix 42. Photograph of cadaver on analysis day 18 in Winter Trial. 
 
 




Appendix 44. Photograph of cadaver on analysis day 22 in Winter Trial. 
 
 




Appendix 46. Photograph of cadaver on analysis day 26 in Winter Trial. 
 
 




Appendix 48. Photograph of cadaver on analysis day 30 in Winter Trial. 
 
 




Appendix 50. Photograph of cadaver on analysis day 36 in Winter Trial. 
 
 




Appendix 52. Photograph of cadaver on analysis day 44 in Winter Trial. 
 
 




Appendix 54. Photograph of cadaver on analysis day 58 in Winter Trial. 
 
 





       Appendix 56. Total Body Score (TBS) chart for cadaver in Winter Trial 




                                                              
(1pt) Fresh, no discoloration—slight lividity (pink/red) 1 1                                                         
(2pts) Insect activity; pronounced lividity (dark pink/red)     2 2 2 2 2 2 2                                           
(3pts) 
Dark-red discoloration with some flesh still 
relatively fresh; odema of ears; maggot colonization 
(mouth); initial bloating of neck and skin slippage 
                  3 3 3                                     
(4pts) 
Discoloration and/or brownish shades particularly at 
edges, drying of nose, ears, and lips; prominent 
bloating of neck; maggot colonization (mouth and 
eyes); purging of decompositional fluids (mouth) 
colonization (mouth and eyes) 
                        4 4 4 4                             
(5pts) 
Purging of decompositional fluids; brown 
discoloration; hair loss and skin slippage; drying of 
lips, nose and ears 
                                5 5 5 5                     
(6pts) 
Black discoloration of flesh; extensive maggot 
colonization and migration 
                                        6 6                 
(7pts) Caving in of the flesh and tissues of eyes and throat                                             7 7 7 7         
(8pts) 
Moist decomposition with bone exposure less than 
<½ of scored area 
                                                    8 8     
(9pts) 
Mummification with bone exposure <½ that of 
scored area 
                                                        9 9 
(10pts) 
Bone exposure of >½ of scored area, greasy 
substance and decomposed tissue 
                                                            
(11pts) 
Bone exposure less than >½ of scored area with 
desiccated or mummified tissue 
                                                            
(12pts) Bone largely dry, but retaining some grease                                                             
(13pts) Dry bone                                                             
Trunk                                                               
(1pt) Fresh, no discoloration—slight lividity (pink/red) 1 1 1 1 1 1 1                                               
(2pts) 
Skin appears shiny/glossy with early bloating and 
may show purple-black discoloration over 
abdominal area 
              2 2 2 2 2 2 2 2 2                             
(3pts) 
Gray-purple to green discoloration: some flesh still 
relatively fresh; marbling of abdomen with 
maximum bloat 




Purple-black discoloration and purging of 
decompositional fluids; skin slippage with maggot-
filled blisters present; hair loss 
                                        4 4 4               
(5pts) 
Postbloating following release of the abdominal 
gases, with extensive skin slippage and drying out of 
blisters 
                                              5 5 5         
(6pts) Caving in of abdominal cavity, sagging of flesh                                                     6 6 6   
(7pts) 
Moist decomposition with bone exposure less than 
<½ of scored area 
                                                          7 
(8pts) 
Mummification with bone exposure <½ that of 
scored area 
                                                            
(9pts) 
Bones with decomposed tissue, body fluids and 
grease possibly still present 
                                                            
(1pts) 
Bone with desiccated or mummified tissue covering 
less than <½ of scored area 
                                                            
(11pts) Bone largely dry, but retaining some grease                                                             
(12pts) Dry bone                                                             
Limbs                                                               
(1pt) 
Fresh, no discoloration—slight lividity (pink) with 
rigor present 
1 1 1 1 1 1 1                                               
(2pts) 
Pink-white appearance with bloating of proximal 
parts of limbs 
              2 2                                           
(3pts) 
Gray to green discoloration: marbling and shiny 
appearance of skin; some flesh still relatively fresh; 
skin slippage and hair loss 
                  3 3 3 3 3 3 3                             
(4pts) 
Discoloration and/or brownish shades particularly at 
edges, drying of skin (starting distal to proximal) 
                                4 4 4 4 4 4 4               
(5pts) 
Brown-black discolouration, skin has leathery 
appearance 
                                              5 5 5 5       
(6pts) 
Moist decomposition with bone exposure less than 
<½ of scored area 
                                                      6 6 6 
(7pts) 
Mummification with bone exposure <½ that of 
scored area 
                                                            
(8pts) 
Bone exposure >½ area being scored, some 
decomposed tissue and body fluids remaining 
                                                            
(9pts) Bone largely dry, but retaining some grease                                                             
(10pts) Dry bone                                                             
Total 
Body 
Score   
3 3 4 4 4 4 4 6 6 8 8 8 9 9 9 9 12 12 12 12 14 14 15 17 17 17 19 20 21 22 
192 
 
Appendix 57. MRM transition and collision energies. 




AAWGKVGGQAGAHGAEALER y7, y8 43.7 
AVGHLDDLPGAL y4, b8 30.1 
FLGFPTTKT y5, y7 27.1 
GHLDDLPGAL y4, b8 27 
LSHGSDQVKAHGQKVADALTK y6, y7 27.4 
VGGQAGAHGAEAL y8, y9 29.4 
VGGQAGAHGAEALERM y8, y9 36.8 
VGHLDDLPGAL b7, b9 28.8 
VLSAADKANVKAAWGK y5, y6 19.8 
Haemoglobin subunit 
beta 
ESFGDLSNADAVMGNPK y5, y7 40.4 
ESFGDLSNADAVMGNPKVK y4, y7 44.5 
FGDLSNADAVMGNPK y8, y11 36.5 
FGDLSNADAVMGNPKVK y7, y8 40.6 
GDLSNADAVMGNPKVK y4, y10 38 
GKVNVDEVGGEALGRL y9, y11 37.9 
KVNVDEVGGEALGRL y8, y11 36.9 
NVDEVGGEALGRL y8, y11 32.8 
SFGDLSNADAVMGNPK y5, y11 38.1 
VNVDEVGGEALGRL y8, y9 34.6 
Creatine kinase DLFDPIIQDR y6, y7 31 
KDLFDPIIQDR y5, y6 33.4 
Beta-enolase IQIVGDDLTVTNPK y10, y11 36.1 
IVGDDLTVTNPK y6, y10 31.8 
IVGDDLTVTNPKR y7, y11 34.6 
SGVNIQIVGDDLTVTNPKR y3, y11 45.3 
Lactate dehydrogenase ATLKDQLIH y5, y6 28.3 
ATLKDQLIHN y6, y7 30.4 
ATLKDQLIHNL y7, b7 32.4 
ATLKDQLIHNLLK y4, y5 36.8 
DLQHGSLF b5, b6, b7 25.4 
ILGQNGISDVVKV y6, y9, y11 33 
KNLHPELGTDADKEHWK y6, y7, y9 45.2 
KVTLTPEEEAHLKK b6, b5, y4 19.7 
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